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Abstract

Utility transmission lines are under-utilized during the night. Charging Plug-in Hybrid
Electric Vehicles during the night and redistributing the power stored in the batteries
utilizes the transmission lines more efficiently and is the motivation for this thesis. In
an example scenario, a vehicle is fully charged at home during the night, and is driven
to work in the morning. The vehicle is plugged in at work and continues to charge.
Under peak power demand the grid can command some power from these vehicles,
relieving stress on the utility. This thesis develops an in-vehicle interface to achieve this
functionality.

A novel topology is developed for an all-in-one system for electric vehicles. The
system is a bi-directional battery charger when plugged into single or three-phase, and
doubles as the motor inverter when the vehicle is driven. The novel topology allows to
source or sink power from the grid. A control scheme was developed for single-phase and
three-phase inputs and simulation results are presented. A prototype of the topology is
developed. Results from the prototype are compared against the simulation results and

theory. Different modulation strategies are presented and compared.
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Chapter 1

Introduction

Renewable energy sources like wind, solar, and wave are becoming more predominant
because of the rising demand of power, the dependence on foreign oil, and the detrimen-
tal effects of converting fossil fuels to power. Due to rising oil and gas prices and the
drive to become more green, vehicle companies like Toyota , General Motors, Nissan,
are developing more Hybrid Electric Vehicles (HEV), Plug-in Hybrid Electric Vehicles
(PHEV), and Electric Vehicles (EV). With the introduction PHEV’s and EV’s into the
market and the increasing popularity, demand, and availability of these vehicles, the grid
is becoming more stressed. While more PHEV’s and EV’s hit the street each year, the
availability to implement Vehicle-to-grid (V2G) becomes more feasible and practical.
Parking lots full of PHEV’s and EVs can be used for ancillary services [1]. Also,
V2G can become distributed generation and supply power to the grid during peak loads
[2] [3] [4]. V2G can be used to supply reactive power to the grid [5]. V2G can be used
for home back up power. It can also be used to set up a micro grid for military type

applications.

1.1 State of the Art

There are many topologies investigated in the literature for Vehicle-to-Grid applications
[6, 7, 8,9, 10, 11]. The topologies are either isolated or not isolated. The most common
topology is the grid tied inverter shown in Fig. 1.1 [12] [13] [14]. A three-phase grid-

tied inverter is shown, but in household applications it will be a single-phase grid-tied



inverter.
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Figure 1.1: Grid Tied Inverter

The grid tied inverter is not an isolated topology but is well researched and doc-
umented [13] [14]. The advantage of this topology, besides its widespread use, is that
the current can be controlled because of the input inductances in the line. Typically
the switching frequency is large, compared to the input voltage frequency, leading to
very small switching ripple on the input current. This leads to input currents with very
low Total Harmonic Distortion. Another advantage of this topology is it is able to be
reused. The PHEV or EV motor’s inverter can have contactors that disconnect from
the motor and connect with inductors in series with the input line voltages [7]. This
alleviates car manufactures from the cost of two separate inverters but makes the system
more complex from a systems engineer point of view. Lastly, there is only one switch
or diode in the path of the current for each phase, leading to very efficient operation
compared to topologies with more stages of conversion.

Another topology researched in EV applications is the multilevel inverter [15]. The
advantage of this topology is there are more levels and the current ripple can be reduced,
but the disadvantage is more switches and more complex control.

One topology reuses the motor windings as the input inductances for the grid tied
inverter. These type of topologies are termed integrated because they reuse parts already
there for traction, ie the motor windings in this case [16, 17, 18].

The Z-source inverter is a bi-directional topology [19]. The draw back with this

topology is the additional passive components , two inductors, two capacitors, and one



IGBT. These additional components add cost and increase reliability concerns.

There are also isolated topologies for PHEV and EV charging. One area of isolated
topologies are the inductive charging topologies [20] [21] [22]. These topologies have no
electrical connection therefore they have the advantage of isolation for safety. However
inductive topologies are less efficient than there conductive counterparts.

Another isolated topology includes reusing the motor as an isolation transformer at
60Hz [23]. This topology has the benefit of reusing 2 sets of 3 phase windings as an
isolation transformer. The drawback is the design of motor because it has two separate
conflicting goals. On one hand the motor design is optimized for traction applications
and on the other hand the motor is designed for 60Hz isolation applications. There
also can be high amounts of magnetizing current depending on the design of the motor.
Another drawback is the possibility of creating a sinusoidal varying flux in air gap,
leading to rotation of the motor shaft which is undesirable when stationary and charging.

The multi port converter is another isolated topology that has the ability to draw
power from multiple sources [24, 25, 26, 27, 28, 28, 29]. The multi port converter is
better suited for multiple DC sources, for example a fuel cell and a battery pack.

Typically isolated topologies for AC to DC are created by using two converters back
to back [30] [31]. An example of this type of topology is shown in Fig. 1.2.

e
Ay
/|

Figure 1.2: Grid Tied Inverter back to back Dual Active Bridge

The first converter is a bidirectional AC to DC grid-tied inverter. The second con-
verter is a DC to DC isolated dual active bridge [32, 33, 34, 35, 36, 37, 38]. The
disadvantage of this topology is the DC link in between the two converters. The capaci-
tor raises the cost of the topology and also reliability concerns. The other disadvantage

of this converter, compared to the grid tied inverter, is the efficiency. The efficiency is
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the product of the efficiency of the inverter and efficiency of the dual active bridge. The
advantage here is the DC bus is isolated from the AC source.

The back to back current link isolated topology is shown in Fig. 1.3 [39].

RO
b
?

Iy ¢ ﬁ% K‘E #

1 1
Figure 1.3: Isolated Current Link AC to DC Converter

This topology creates a current link with the inductor. The disadvantage of this
topology is the extra inductor needed. Also, the size of the inductor is large adding
cost and reducing power density. The efficiency also is lower than the DC link structure
because the current flows through additional diodes.

Another topology is the resonant high frequency link converter 1.4 [40].

++E§+
o

g o

An advantage of this topology is that it does not create an intermediate current or

Figure 1.4: Isolated Resonant Link Converter

voltage link. A disadvantage of this converter is the additional resonant tank elements,

capacitor and inductor.



1.2 Proposed Converter

The proposed converter, in which this thesis and research is based, is shown in Fig.

1.5. During traction operation, meaning the vehicle is moving from place to place, the

A |

R .

Inverter

L

L 00—

Ay
/1

s Battery

LYY (O]

Front—end Matrix Converter

Three Phase Motor

Figure 1.5: Proposed Topology

transformer is disconnected from the inverter by means of contactors. The DC-DC
converter maintains a constant DC bus voltage and the inverter employs some type of
modulation to drive the motor. During charging or discharging operation, the vehicle
is stationary, the motor is disconnected from the inverter by means of contactors. The
motor inverter is reused as a H-Bridge for the bidirectional isolated AC to DC converter.
The inductance, L, of the transformer is the lumped leakage inductance referred to the
secondary. The input converter is a three-phase to single-phase matrix converter. The
switches are four quadrant switches and are realized with a pair of emitter tied IGBT’s.
The input can accept single-phase for household type applications or it can accept three-
phase for high power fast charging installations. This converter is bidirectional in nature
and can source or sink power. This thesis will consider this topology only for charging
and discharging operations. The bidirectional DC-DC converter between the DC bus

and the battery pack will be modelled as a load resistance R, when charging and as a
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DC source when discharging. This topology has the following advantages over isolated
back to back AC to DC converters: no intermediate DC link capacitor or current link

inductor, higher reliability, higher power density, and smaller volume.

1.3 Motivation and Scope

Grid-tied inverters are predominant in EV chargers. There is no AC to DC isolated
bidirectional charger in literature without an intermediate current or voltage link. The
motivation of this thesis is to present a new topology applicable to EV’s , Solar in-
stallations, home backup, and military mirco-grid applications. Another objective of
this thesis is to provide modulation and control strategies for single-phase and three-
phase input. This thesis analyzes the proposed modulation and control, and provides

simulation and hardware results.

1.4 Contributions

The contributions of this thesis are:
e A novel Single-Phase/Three-Phase AC to DC isolated bidirectional converter
e Detailed analysis of the converter for single-phase and three-phase control

e Detailed analysis of DAB modulation strategy for single-phase and three-phase

input
e Design procedure for DAB modulation strategy of the converter

e Hardware results confirming the theoretical analysis of DAB modulation strategy

for single-phase and three-phase input

1.5 Organization

Chapter 1 introduces the current state of the art research in electric vehicle bidirectional
chargers. It also introduces a novel converter which is the subject of this thesis. In

Chapter 2 the converter is considered with single-phase input. A model of the average
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power flow per cycle, based on the first harmonic, is derived and used as the basis of
control. Controllers are designed for the power and voltage loops. Results are given
for the input currents, harmonics, and bus voltages. Chapter 3 discusses control of the
converter based on three-phase input. The control uses a duty ratio based method to
create a quasi square wave. A power and voltage controller are designed. Input currents,
current harmonics, and output voltages results are given and discussed. Chapter 4
introduces a new modulation method for single-phase AC to DC dual active bridge.
The input current, current harmonics, and bus voltage simulation results are given and
match theoretical analysis. Chapter 5 introduces a new modulation strategy for three-
phase AC to DC dual active bridge. The input currents, power, utilization factor, rms
ripple current are all analysed. Simulation results are given to confirm the analytical
results. Lastly in Chapter 6 and 7, the hardware is presented, and results for the DAB

modulation method are given in single-phase and three-phase input.

1.6 Conclusion

In Chapter 1 the context and layout of the thesis is established. EV bidirectional

chargers are introduced and a novel isolated bidirectional topology is introduced.



Chapter 2

Single Phase Power and Voltage

Control

| Saa |l Sba_|Sca L

+ +
o o C = Vy ﬁR

Figure 2.1: Single Phase Topology

The topology is investigated for single-phase input and is shown in Fig. 2.1. The
switches Sga, Spa, Sca, SaB, Spp, and S.p are four quadrant switches. The four quad-
rant switches are realized as shown in Fig. 2.2a. The transformer magnetizing inductance
is neglected, the turns ratio is assumed to be one, and the total leakage inductance is
refereed to the secondary and represented by L. The switches S1, So, S3, and S4 are
reused from the motor inverter and are two quadrant switches as shown in Fig. 2.2b.
The capacitor, C, is the DC Bus capacitor and the load is modelled as R during charg-
ing. When feeding power back to the grid, R will be removed and the DC bus will be

fed by a voltage source.
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(a) Four Quad- (b) Two Quad-

rant rant

Figure 2.2: Switches

2.1 Analysis

The input matrix converter is comprised of four-quadrant switches Sqa, Spa, Sca, SaB,
SpB, and S.p. In the single-phase configuration switches S.4 and S.B are not connected
to a phase therefore will be considered in the off state during the analysis. The input
voltage, vs(t), is sinusoidal with frequency w;, as shown in (2.1). During this analysis
I have selected w; as 2760 or 60Hz and VS as 120v/2 because it is the most common in
the U.S.

vs(t) = Vs sin(w;t) (2.1)

The input matrix converter has two states. The first state is when switches S, 4 and
Spp are on and switches SbA and S,p are off. During this state the voltage +uvs(t) is
applied to vap. In the second state, switches Sy4 and S, are on and switches SaA and
Spp are off. During this state the voltage —u4(t) is applied to v4p. The states are on

for 50% of the time at a frequency of fs. The voltage applied to vap is shown in (2.2).
vap(t) = V,sin(27 fit) sgn(sin(27 ft)) (2.2)

Fig. 2.3a shows the output of the matrix converter, for a lower f; of 1kH z, for illustrative
purposes and Fig. 2.3a shows the output of the matrix converter for a fs of 10kH z.
For this analysis, I have picked the turns ratio of the transformer to be one, n =1,
therefore vy (t) is equal to v4p(t). The output of the half-bridge ,v2(t), is a square wave of
magnitude V. The output square wave of the half bridge is at frequency fs. The output
of the half bridge is represented mathematically in (2.3). The duty ratio of the square
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Figure 2.3: Matrix Converter Output

wave is adjustable from zero to one by adjusting ¢(¢). For example if d = 1, then ¢ = 0,
therefore both squares are in phase in (2.3) and add to a square wave of magnitude Vj.
On the contrary, if d = 0, then ¢ = 7, therefore both square waves are out of phase
by 180 degrees and sum to zero. The duty ratio is given in (2.4). This selection of the
duty ratio ensures that for any half period of fs, the average voltage applied to vy (t) is
equal to the average voltage applied to vy(t). For visualization purposes, (2.3) has been

plotted in Fig. 2.4a at fs = 1kHz and in Fig. 2.4b at fs = 10kH z.

valt) = sgn [sin(2n fut — 6(1) — (1))

+ sgn [sin(27 fst + o(t) — 6(t))]] (2.3)
2
a1 =1- (1) (2.4)

The phase shift (¢) is zero in both Fig. 2.4a and Fig. 2.4b. In order to do power

flow there must be a finite phase shift. In the next section a power controller will be

evaluated, designed, and simulated.
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Figure 2.4: Bridge Outputs

2.1.1 Power Controller

The power controller is designed to control the power in and out of the converter. The
plant is assumed to be similar to the power systems analogy as shown in (2.5) [41, 42].
The power in (2.6) is the average power over a cycle of f; at time t. Note that in
power systems the two waveforms are sine waves but in this scheme they are square
waves, therefore in this analysis the model is valid only for the first harmonic power
flow. The fundamental of v; is % times the voltage at that time. The fundamental of
ve, considering a duty ratio of 1,is % times the bus voltage V;. The control diagram
of the systems is shown in Fig. 2.5. In single-phase the power command is multiplied
by a sine squared reference to insure sinusoidal input current with respect to the input
voltage. The actual power transferred is measured by multiplying iy by Vj, integrating
that product during a cycle of fs and dividing by T to get the average power transferred
in that cycle.

ViVa

P =
wlL

sin 0 (2.5)

_ E U1 (t)UQ (t) i

P(t) in@ (2.6)

w2 weL
A simple Proportional Integral controller is selected for control. The equation in

(2.6) is given a small perturbation about §. The equation is then solved in (2.7),
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(2.8), (2.9), and the result is (2.10). In (2.10), v1(¢) and v2(t) vary with time, but their
product vary in a sine squared fashion. The reference is also multiplied by a sine squared
reference therefore vy () is replaced by the constant peak input voltage VS, and va(t) is

replaced by the constant bus voltage V.

5 E (%] (t)’UQ (t)

P4 P= g B sin(0 + A9) (2.7)
P+P= LSM [cos O sin Af + cos Af sin 6] (2.8)
T wsL
5 16 U1 (t)UQ(t) .
P+ P= 2wl [Af cos 0 + sin 0] (2.9)

E B Evl(t)vg(t)
A 72 w.L

The PI controller is designed around a linearized plant as shown in Fig. 2.6. The

cos 0 (2.10)

plant is a constant gain around the operating point . The PI controller is selected
because even though the plant we design the control loop around is a constant, the
actual plant is not linear, and the PI controller will take care of the errors associated
with the model inaccuracies.

The gain of the power stage is defined in (2.11). In order to design the controller
gains a bandwidth and phase margin are chosen to suit the application. Next equations
(2.12) and (2.13) are solved to determine the controller gains k; and kj,. The values for

solving the system of equations, (2.12) and (2.13), are shown in Table 2.1.

A%

K, = cos 6 2.11
pow wslL ( )
.2
sin” (2 f1t) PI Controller Plant Model
k; 0" ] vi()va(t) .
~+ kp M oL 6 P

Figure 2.5: Actual System
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Figure 2.6: Linearized Control Design
(2.12)

=1

kps + kz‘ Kpow

s 5=727 fep
(2.13)

|GOL(S) ’s:j27rfcp =

ZGor(8)|s=jorf., +180 = dpu

Parameter Value Unit
Vs 170 \Y
Vy 300 \%
fs 10 kHz
L 50 uH
0 45 degrees
60 degrees

opm
Table 2.1: Control Design Variables
The
. The

The results for the design of the controller gains are shown in Table 2.2.
complete system in Fig. 2.1 is simulated using the designed PI controller gains

load R is assumed to be 45 and C' is 1000u.F.
Value

Parameter
kp 4.3e-5
k; 0.5

Table 2.2: Controller Gains

A power command of 4kW is given to the controller in Fig. 2.5. The results of the
actual power flow plotted with the commanded power are shown in Fig. 2.7. The results
of the power command show the actual power tracking the sine squared reference power

command. The results of the average input current and input voltage are shown in Fig.
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2.8a. The average input current is sinusoidal and in phase with the input voltage thus
obtaining unity power factor. A fourier analysis is done on the switched current i,(t), in
Fig. 2.8b, to determine the harmonics present in the input current. The results of the
fourier analysis are shown in Fig. 2.9a and Fig. 2.9b. The spectrum in Fig. 2.9a shows
the fundamental at 60Hz, some low level line frequency harmonics, and the switching
harmonics at 10kHz. The switching harmonics can be removed from the input current
by properly designing a LC input filter. In Fig. 2.9b the fourier analysis is zoomed in
to capture the magnitude levels of the line frequency harmonics. The 3rd harmonic is

present at 3% and the 5th harmonic is present at 0.8%.

4 F Pcommand
actual
~ 3 I
2
2
z 2t
o
Ay
1F
O 1 1
17 20 25 30 33
Time (ms)

Figure 2.7: Power Command

The present values of the 3rd and 5th harmonic meet the requirements for maxi-
mum current distortion in IEEE spec but further effort can be done to reduce these
harmonics. The power controller is given step command from 4kW down to 2kW in
order to investigate the dynamics of the power controller design. The step function,
power command, and actual power are plotted in Fig. 2.10. The actual power settles
within 5ms which is sufficient because in battery charging applications, the command

won’t change often.
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Figure 2.9: Harmonic Analysis

2.1.2 Power Controller Redesign

The power controller design provided acceptable current harmonics in the input current
but will be redesigned in order to reduce the 3rd harmonic. The third harmonic is
present because attenuation at 120Hz is not low enough which is similar to a PFC
circuit. This time Eq. (2.12) and (2.14) are used to design the gains of the power

controller. Eq. allows us to set the gain of the third harmonic of the closed loop system.
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command |
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Figure 2.10: Power Step Command

k?pS + kl

\GOL(5)|s:j2w180 = s

Kpow =z (2.14)
s=352m180

The new gains are shown in Table 2.3. The system is simulated with the controller

gains and the response in a step power command from 4kW to 2kW are shown in Fig.
2.11. The bandwidth of the controller lowered due to the lowering of the gain at the third
harmonic. Again, the bandwidth is acceptable because during the course of charging a
battery the power command does not change often. The fourier spectrum of the input

current is shown in Fig. 2.12a and 2.12b.

Parameter Value
k, 4.3e-5
k; 0.1

Table 2.3: Controller Gains

Similar to the previous control design, there is current at 60Hz, and the switching
frequency of 10kHz. The third and fifth harmonic are now both below 1% of the
fundamental. The conclusion of the new power controller design is that the 3rd and 5th

harmonics can both be reduced below 1% at the expense of the control loop bandwidth.
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Figure 2.12: Harmonic Analysis

2.1.3 Steady State Analysis

In this section the steady state for vg(t) will be analyzed and solved for. The circuit
shown in Fig. 2.13 represents the average system. The average current i4(t) (2.15) flows
into the RC circuit. The current is(¢) and duty cycle d(t) are defined in (2.16) and
(2.17). The current i4(t) is derived in (2.18) and is of sine squared form. The steady
state voltage is solved in Laplace domain because it is simple. The voltage V (s) is solved

for in (2.19) and then reverse transformed back to time domain. The current I(s) is
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transformed to Laplace domain in (2.20). The impedance of the RC circuit is defined
in (2.21).

Figure 2.13: Simplified Voltage Circuit

ia(t) = is(t)d(t) (2.15)

is(t) = I |sin w;t| (2.16)

d(t) = v |sin w;t| (2.17)

ia(t) = ;“//ZsinQ wit (2.18)

Vi(s) =1(s)Z(s) (2.19)

L(sin? wit) = %E(l — cos 2w;t) = % E + W] =1I(s) (2.20)
2y = of _p 1 (2.21)

TR 1+ ime
Eq. (2.22) defines the magnitude k of the sine squared average current flowing into
the RC circuit. Eq. (2.20) and (2.21) are multiplied together then partial fraction
decomposition is used to get the result (2.23). The first fraction in (2.23) is the DC
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Figure 2.14: Steady State Voltage

component of the voltage v4(t). The second fraction is a decay component so for steady
state it is disregarded. The third term in (2.23) contains the second harmonic component
of vg(t). Taking the inverse Laplace transform of the first and third fraction in (2.23)
leads to the time domain equation of vy4(t) (2.24) (2.25). The peak to peak ripple voltage

is defined in (2.26).

k=1 2.22
v, (2:22)
k 203k R w? —kRs — ACkR?w?
Vis)= 2 ChRw fis TACKR wi (g 93)
25 (1+CRs) (1+4C?R%w?)  2(s?+ 4w?) (1 +4C?R%w?)
.1 1
z = sin (2.24)
1+ (2wZRC)2
kR kR
vg(t) = — + sin(z — 2w;t 2.25
)= it Geroe ) (2.25)
LV,
1 (2.26)

Vd pp—ripple =
Epmrle = oy 1+ (2w RO
The system is simulated for a 2kW load where R = 45 and C' = 1000uF. The results
of the simulation for v4(t) are shown in Fig. 2.14. The steady state equation of vg(t)

(2.25) is plotted in grey in Fig. 2.14 and the actual system is plotted in black. The
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simulation shows the system powering up and converges to the steady state solution by

time 80ms. Fig. 2.14 validates the steady state analysis.

2.2 Power Plant Error

The power controller is designed around a plant that is an model of the actual system
and because of this point, there will be a difference between the power that flows in
the actual system and the power that flows in the model of the system. The error
between the two will be explored in order to determine the amount of error. The three
power flows will be investigated as follows: 1st harmonic power flow, square wave power
flow, and the actual power flow. The average power flow of the first harmonic of the
square waves is calculated in (2.27). The first harmonic of v; is a sine wave of magnitude
%120\@. The first harmonic of vy is a sine wave of magnitude %120\/5 cos ¢. The power
is calculated across ¢, ranging from 10 to 80 degrees in steps of 10 degrees, and across
0, ranging from -90 degrees to 90 degrees. Next the average power is calculated for two
square waves in (2.28) [43, 44, 45, 46]. vy is a square wave of magnitude 120v/2 cos ¢
and vy is a square wave governed by (2.3). For each ¢, in steps of 10 degrees from 10 to
80 degrees, the power is calculated for all 8 from -90 to 90 degrees. Lastly, the power
of the actual systems is calculated by simulation for ¢, in steps of 10 degrees from 10

to 80 degrees, and all 6 from -90 degrees to 90 degrees.

Pist—harmonic = @ sin 6 (227)
ViVa 0]

Ps uare — —01—-— 2.28

1 ws L < s (2.28)

The difference between the actual power flow and the 1st harmonic and square wave
power flows will give insight into the accuracy of the model. The error between the 1st
harmonic power flow and the actual power flow is calculated in (2.29) and shown in Fig.
2.15a. The error between the square wave power flow and the acutal power is calculated
in (2.30) and shown in Fig. 2.15b.

E o Poctuat — Pist—harmonic 29
1st—harmonic — P ( . 9)
1st—harmonic
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Figure 2.15: Power Error

P - P
Esquare _ actu; square (230)
square

The error between the 1st harmonic power flow and the actual power flow ranges
from .18pu to -.2pu for all § and given set points of ¢. The error between the square
wave power flow and the actual power flow ranges from .21pu to -.35pu for all  and
given set points of ¢. The error is not minimal by any means but is small enough that
if a robust controller is properly designed it can account for the error present in this

analysis.

2.3 Voltage Controller Design

Controller Power Stage Plant Model
* *
- V., . [= 0 P= . P S 1 I 1V, R/2 >
. 1+8/wey s V. 2 Vg 14s(R/2)C

Figure 2.16: Voltage Control Loop

The voltage control loop is depicted in Fig. 2.16. This circuit is similar to a single-

phase PFC in that the current into the RC circuit is of the form of a sinusoid squared.
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The power stage transfer function is shown in (2.31) and is derived in [47]
va(s) 1& R/2
ig(t)  2Vyl+s(R/2)C

One approach to the voltage loop would be to select the controller as a low pass, as

(2.31)

shown in (2.32). There will always be steady state error when this type of controller is
used because the absence of a pole at the origin. Eq. (2.33) is defined to select the loop
bandwidth and Eq. is defined to ensure 1.5% or less 2nd harmonic ripple in the output
current command. These equations are solved as a system of equations to determine

the gain k, and pole wgy.

ky

Gols) = — 0 2.32
(5) 1+ s/wey (2:32)
k, 1V,  R/2
-8 =1 2.33
1+ s/wep 2V 14 s(R/2)C o ( )
§=727 feo
’ ey 0151, (2.34)
1+ 5/wey s=jor120  Vdpp-ripple ‘

The parameters used to solve for the pole and gain are shown in Table 2.4. The gain
and pole are shown in Table 2.5. The whole system is simulated with aforementioned

voltage controller and the results are investigated.

Parameter Value Unit

Vs 170 \%
Vi 300 %
R 45 Q
C 1000 uF
fev 10 Hz
I, 23.5204 A

Vippripple .84 \Y%

Table 2.4: Voltage Control Design Variables

The voltage vq4(t) is plotted in Fig. 2.17. The voltage contains an expected 120Hz

component and also has a steady state error of about 30 volts.
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Parameter Value
Wen 94.7329
ky 0.3259

Table 2.5: Voltage Control Loop Parameters

285

280 |

275

270 ¢

Va(t) (V)

265

260

210
255 L— : : : : 200 L— : : : : :
150 175 200 225 250 150 175 200 225 250 275
Time (ms) Time (ms)
(a) Steady State Voltage (b) Voltage Load Step

Figure 2.17: Output Voltage

The input current spectrum of is(¢) under steady state is shown in Fig. 2.18a and
Fig. 2.18b. The input current contains the fundamental at 60Hz, some line frequency
harmonics and the switching component at 10kHz. From the simulation data the mag-
nitude of the third harmonic is 1.6% which matches closely with the designed value of
1.5%. If the application can work without closely tracking the 300 volts then the simple

low pass controller will suffice.

2.3.1 Voltage Controller Redesigned

In order to track the voltage command and not have steady state error one must in-
troduce a pole at the origin. A proportional integral or PI controller is selected to
obtain zero steady state error. The voltage control loop is shown in Fig. 2.19 with a PI
controller instead of the low pass controller.

The controller gains k; and k, were selected by using the ratio of k; and &, to create
a zero to cancel the pole of the plant at full load. Then k; was adjusted to create of

crossover frequency of 10Hz. The control parameters determined from the analysis are
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Figure 2.19: Voltage Control Loop

shown in Table 2.6. The entire system is simulated using the controller in Fig. 2.19 and
gains in Table 2.6. The output voltage is shown in Fig. 2.20a. The output voltage now

tracks the 300 Volt command due to the presence of a pole at the origin.

Parameter Value
k; 5
k, 0.2250

Table 2.6: Voltage Control Loop Parameters

The system is given a step load at 200ms in which R changes from 902 to 452 which
is equal to a step load from 1kW to 2kW. The results of the voltage due to the step
change are plotted in Fig. 2.20b. The voltage recovers to 300V in 200ms. The voltage
ripple also is larger with a larger load. The input current is investigated for the PI

controller. The input current spectrum is shown in Fig. 2.21a and 2.21b. The input
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Figure 2.20: Output Voltage

current contains line 2.6% at the third harmonic, 0.1% at the fifth harmonic and the
harmonics above the fifth are negligible. The total THD of the input current, neglecting
the switching frequency harmonics, is 2.6% The third and fifth harmonics are higher
than the low pass controller because the gain at those frequencies are higher and the
design did not focus on reducing these. A PI controller with an additional pole past
the cut-off frequency but before 120Hz would help reduce the third and fifth harmonics
if it is desired to reduce the harmonics further but the harmonics present using the
PI controller still conform to the IEEE 519 standard thus no further control will be

investigated.

2.3.2 Bidirectional Power Flow

The topology in Fig. 2.1 is changed to Fig. 2.22 for the purpose of simulating bidirec-
tional power flow.

The DC source represents a battery pack or a bidirectional DC to DC converter
boosting the battery pack voltage [48] [49] [50] [51]. The topology in Fig. 2.22 is simu-
lated with DC bus of 300 Volts. The voltage loop is removed and only the power loop is
used. The parameters in Table 2.1 and 2.2 are used for simulation. The power controller
is given a command of -4kW which is equivalent to supplying 4kW to the AC source
from the DC source. The results of the average current and input voltage are shown in

Fig. 2.23.
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Figure 2.22: Bidirectional Simulation Topology

The current is sinusoidal and 180 degrees out of phase with the input voltage proving
that bidirectional power flow is possible with the given topology and control. The input
current harmonics, normalized to the fundamental, are shown in Fig. 2.24.

The input current contains 2.2% at the third harmonic and 0.4% at the fifth har-
monic. The rest of the harmonics are negligible. The total harmonic distortion of the
input current is 2.23% which is with in IEEE-519 specifications [52]. The percentage of
current at the third and fifth is also within IEEE-519 specification.

2.4 Conclusion

In this chapter the single phase bidirectional charger is proposed. First a power con-

troller was analyzed and designed. The error between the plant model and the actual
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system was investigated to determine the accuracy of the model. It was determined the
model to be accurate enough to use for design of the power control loop. Next, steady
state analysis was done to determine the output voltage equations. Lastly, two different
voltage loop controllers we discussed, analyzed, and presented. The input current was
analyzed during each controller design to maintain low line frequency harmonics and

low THD.



Chapter 3

Power and Voltage Control with
Three Phase Input
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Figure 3.1: Three Phase Topology

The topology in Fig. 3.1 is explored for three-phase input. The sinusoidal input

sources are defined in (3.1) and have a magnitude of V; at a frequency of w;.

Vg (t) = V; sin(w;t)

2

vp(t) = Vi sin(w;t — ?ﬁ) (3.1)
4

ve(t) = Vjsin(w;t — g)

The switches S, 4, Spa, Sca, SaB, Sy, and S.p are four quadrant switches comprised

of two emitter tied insulated gate bipolar transistors. In this analysis the magnetizing

28
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inductance is neglected and the leakage inductance of the transformer is lumped to the
secondary (3.2). The turns ratio of the transformer is assumed to be unity. The switches
S1, S92, S3, and Sy are reused from the motor inverter and are two quadrant switches
realized as IGBT’s. The DC bus capacitor for the inverter is reused as a DC source
and the load resistance R is simulating charging a battery. The load resistance, R, and
capacitor, C', will be replaced with a DC source when simulating supplying power to

the grid.

L=n?L,+ L (3.2)

3.1 Analysis

The three-phase to single-phase matrix converter consists of switches S,4, Spa, Seca,
SaB, SpB, and S.p. Each of the three switches S,4, Spa, and S.4 are given a duty ratio
defined in (3.3), (3.4), and (3.5) [53].

doa(t) =K sin(wt) + %|sin(wt)|
1 , , o dr (3.3)
+ 5 [2 — |sin(wt)| — |sin(wt — ?)| — |sin(wt — 3)|]

2 1 2
dpa(t) =K; sin(wt — g) + 5lsin(wt - %)\
+ = |2 — |sin(wt)| — |sin(wt — —W)| — |sin(wt — £)|
6 3 3
4 1 4
dea(t) =K;sin(wt — ?ﬂ) + §|sin(wt — §)|

3.5)
1 2 4 (
+3 {2 — |sin(wt)| — [sin(wt — §)| — |sin(wt — g)@

Similarly, the three switches S,p, Spp, and S.p are given a duty ratio defined in
(3.6), (3.7), and (3.8). The only difference in duty ratios between the top switches and

the bottoms switches is the sign of K;. All six duty ratios are shown in Fig. 3.2a and
Fig. 3.2b.
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2 1
dyp(t) = — K sin(wt — -2 + 5 lsin(wt — =5)|

dep(t)

1 2 4
- [2 — Jsin(wt)| — |sin(wt — §)| ~Jsin(wt — )]

+ é [2 — |sin(wt)| — |sin(wt — 2?)| — |sin(wt — 4W)@
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1
= — K sin(wt) + §|Sin(wt)|

_ ] (3.6)

6 3

2

3 3

3.7)
1 2 4 (
+ 5 {2 — |sin(wt)| — |sin(wt — §)| — |sin(wt — ;)|]
4 4
= — K;sin(wt — %) \sm(wt - §)|

(3.8)
3

Now that each switch has been given a duty ratio, the actual switching signals must

be generated. The duty ratios are compared to an inverter triangle ramp shown in Fig.

3.3. The switch S, 4 is on when d,4 is greater than the ramp and is off otherwise (3.9).

The switch S.4 is on when d,4 + dpa is less than the ramp and is off otherwise (3.10).

The switch Sp4 is on when the ramp is greater than d, 4 but less than d,4 + dp4 and is

off otherwise (3.11).

SaA(t) = 1

SCA(t) =140

w"ﬂ w"ﬂ m

% 14 daa(t) + dpa

0<t< [l —dua(t)
L1 —daa(t)] <t < L [1+daa(t)] (3.9)
L1+dua)) <t<T,

0<t< B[l —daa(t) — dpa(t)]

Bl = daa(t) = dpa(t)] <t < 5 [1 = doa(?)]

L1l —dea®)] <t < L [1+daa(t)] (3.10)
L+ daa(t)] <t < B [1+ daa(t) + dpa(t)]

1+ daa(t) + dpa(t)] <t < T

0<t< L[l —dyalt) — dpa(t)]
L1 —daa(t) — dpa(t)] <t < 5 [1+daa(t) + dpa(t)] (3.11)

(
(

t)] <t<T;
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Figure 3.2: Duty Ratios
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Figure 3.3: PWM Generation

The switching signals for the bottom three switches S, p, Spp, and S.p are generated

the same exact way as previously discussed using there respective duty ratios.

The modulation is simulated to determine the output at vap, using the values in

Table 3.1. The output of the matrix converter at v4p is shown in Fig. 3.4a and 3.4b.

Calculating the average voltage at vap during any Ts time period would result in 255

volts (3.12).

_ 3v2
UAB = ‘/%72

(3.12)
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Vi; 170 Volts
fi 60 Hz
fs 10 kHz

Table 3.1: Modulation Values
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Figure 3.4: Virtual DC Link

The present modulation scheme creates a virtual DC bus but the goal is to create
a square wave. The modulation index K; will be modified in (3.13) to create a square

wave. The modulation index K; now switches signs every half cycle of fs.

0<t<Ty (3.13)

1
2
3 T, <t <27,

The simulation is run with the alternating modulation index and the results are
shown in Fig. 3.5a and 3.5b.

The voltage v4p is now a quasi square wave with a magnitude on the average of
3K;V;. Now that the square wave is generated at vap hence vy, the next step is to
generate a square wave at vo with an equal average voltage during any T /2 time period.

The average voltage at v; will be constant 3K;V;. The voltage at va will by synthe-
sized as follows, if 3K;V; > V; then ve will follow (3.14), otherwise if 3K;V; < Vj the
voltage vy will follow (3.16). Theta is the phase shift of the waveform at vy with respect

to the waveform at v; and phi controls the width of the square wave at vy. The two
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Figure 3.5: Quasi Square Wave

waveforms v; and ve are shown in Fig. 3.6. Note that the average voltage of v1 and v
during any Ts/2 time period are equal. Power is controlled by adjusting the phase shift

of V9.

va(t) = Vysgn [sin(27 fst — 0(1))] (3.14)
o) = [1 - vaa } (3.15)

valt) = sen fsin(2n fut — 6(1) — (1))
+sgn [sin(27 ft + 6(t) — 0(t))] (3.16)

A controller to command the power into the RC network will be designed. With
three-phase input, the average voltage at v; doesn’t change unlike the single phase case.
This has a distinct advantage because now the gain of the power stage doesn’t vary
sinusoidally with the input voltage. The power stage will be modelled like a power flow
in a power system (3.17). The equation in power systems for power flow is with two
sinusoidal sources but these sources are square waves so the model is an approximation.

= Vl? sin (3.17)

P
w
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Figure 3.6: Phase Shift Voltage Waveforms

3.1.1 Modelling Error

The power systems model is not an exact model of the current system but the difference
between the two is investigated to determine the amount of error. The model power
is calculated using (3.17) and the actual power is calculated through simulation. The
value of ¢ which determines the duty ratio of vy is swept from 0 to 7w/2 and 6 is swept
from —m/2 to w/2. The error ratio is calculated by subtracting the actual power from
the first harmonic power and dividing by the first harmonic power. This error ratio only
depends on 6 and ¢ and is plotted in Fig. 3.7.

The black line envelops the extremes of the error at that specific # and the grey area
represents possible error for all # and ¢. The graph shows that the error remains between
+10% and -30% for all operating conditions and shows that the model is reasonable
accurate. The power can be controlled and the error can be reduced to zero by using a

PI controller with a robust design.

3.1.2 Power Controller Design

With the model decided upon a power control loop must be designed. The power system

equation (3.17) is given a perturbation about  and gives Eq. (3.18).
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The % factors come from the first harmonic of the square waves at v; and vo, the

os6 (3.18)

factor 3K;V; determines the magnitude of v; and V; determines the magnitude of wvs.
The equation is a constant therefore designing a PI controller is relatively simple. The

power control loop design is shown in Fig. 3.8.

P_—T__(TD_‘ ;+kp Vﬁ%—LCOSQ VP

Figure 3.8: Three Phase Power Controller

The controller values k; and k, are calculated by solving two equations, the first one
sets the open loop gain to 1 and the cross over frequency and the second sets the phase
margin at the cross over frequency. The values in Table 3.2 are used to calculated the
two controller gains.

The calculated controller gains come out to k; = 0.2293 and k, = 2.1e — 5. The
controller is implemented on the real system and simulated. The load is 302 and the

capacitor is 200uF. A power command of 3kW is given to the controller at system
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Parameter Value Unit

Vi 170 Volts
K; 0.5
Vy 300 Volts
fs 10 kHz
L 50 uH
0 45 degrees
PM 60 degrees

Table 3.2: Power Control Loop Design Variables

start up. The actual power and the command are plotted in Fig. 3.9. The actual power

builds up to 3kW and tracks the command.

0 P, command
— P actual
0 10 20 30 40 50
Time (ms)

Figure 3.9: 3kW Power Command

The average current from the voltage sources v,, vp, and v, are shown in Fig. 3.10.
The currents are sinusoidal and in phase with the input voltage but one can determine
that there are line frequency harmonics present. Ideally the currents would contain zero
harmonics.

In order to give some insight, the switch currents for i,, 45, and i. are shown in Fig.
3.11a, 3.11b, and 3.11c. The currents have the high frequency component at 10kHz on

top of the fundamental at 60Hz. The first observation is that the currents are unbalanced
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Figure 3.10: Average Currents

and each have their own different harmonics.

0 10 20 30 40 50 0 10 20 30 40 50
Time (ms) Time (ms)

(a) Phase a Switch Current (b) Phase b Switch Current (c) Phase ¢ Switch Current

Figure 3.11: Switch Currents

The Fourier spectrum is calculated on each of the three switching currents to de-
termine the harmonic content of each. The spectra of all three currents is shown in
Fig. 3.12. The harmonics are only shown up to 15th harmonic because the higher up
harmonics can be attenuated with an input LC filter. The currents have a 180Hz com-
ponent which is not normally possible in a balanced three phase system but is present
because the converter is providing an unbalanced load. The 3rd and 5th harmonic are
unbalanced and have a significant magnitude of 6%. The 7th up to 15th harmonic are
also unbalanced and have a significant magnitude of 1-2%. These harmonics are unac-

ceptable for IEEE-519 [52] specifications and are detrimental to the stability of the grid.



38

01 - T T T T T T T -
&
[E—
0.08 |- | — P
€ 006} ] ] -
2
= 0.04f -
0.02 | -
180 300 420 540 660 780 900

Frequency (Hz)
Figure 3.12: Current Harmonics

A solution to the harmonics and balancing of the load is needed before before hardware

implementation.

3.1.3 Balancing Currents and Reducing Harmonics

In three phase there are 6 distinct sectors. These sectors change when one of the voltage
sources changes its voltage level respective to the other two sources. These six distinct
sectors are shown in Fig. 3.13. In the first sector the voltage v, is max, v is min,
and v, is mid. When v, becomes greater than v. the sector switches to sector two and
vp becomes mid, v. becomes min, and v, remains max. The duty ratios follow the
input voltages and maintain this behaviour. The input currents during each of these
six sectors will be investigated for the three phase currents.

The switching input currents under steady state are plotted for all three phases, for
one switching cycle, in each of the six sectors, in Fig. 3.14. The current i, has a notch
missing in sector two and also in sector five. This notch is due to the phase shift of the
two voltage waveforms v; and v9 and the current through the leakage inductance L.

The current 7, has a notch missing in sector one, three, four, and six. The current i,
has a notch missing in sector one, two, three, four, five, and six. None of the three cur-
rents have notches in a determinable pattern and the notches are defiantly not balanced

between the three phases.
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One way to reduce the notches is to reduce the phase shift, but that is in contrast
to power flow. If the allowable phase shift is reduced, then the available power flow
reduces as well. Reducing the allowable phase shift is not a viable solution.

One solution is to switch the order in which the duty ratios are compared to the
ramp, that way the notch comes out from each current the same amount of times
irrespective of the sector. In the first switching cycle the switching signals would be
generated as follows, when the ramp is less than d,4 then S, 4 is on, otherwise, its off,
when the ramp is greater than d, 4 but less than d, 4 + dp4 then Sp4 is on, otherwise, its
off, finally when the ramp is greater than d,4 + dps the switch S.4 is on other wise it

is off. In the next switching cycle the switching signals would be generated as follows,
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when the ramp is less than dp4 then Sy 4 is on otherwise its off, when the ramp is greater
than dp4 but less than dp4 + d,a then S, 4 is on otherwise its off, finally when the ramp
is greater than dp4 +d, 4 the switch S.4 is on other wise it is off. The first cycle is named
abc and the second cycle is named bac because of the order in which they are compared
to the ramp. The simulation is rerun with the same values but this time the duty ratios
are compared in a different order each cycle. The duty ratios will be compared in a
repeating six cycles. The six cycles in order are as follows, abc, bac, acb, cab, bca, and
cba. The switching input current, average current, and input current harmonic content
will be investigated for this new duty ratio switching scheme.

The average current for all three phases is presented in Fig. 3.15 using the duty ratio
order swap. The average currents are now clearly balanced and sinusoidal. The average
currents do contain some line frequency harmonics but they are perceived to be lower.
The switching currents are plotted for all three phases in Fig. 3.16a, 3.16b, and 3.16¢

The switching currents for all three phases are balanced as well. The outline of the
fundamental of 60Hz is easily observable in all three switching currents. The Fourier
analysis is done on all three switching currents to determine the harmonic content of the
input currents. The harmonic content of the input switching currents are normalized
to the fundamental at 60Hz. The harmonic content of the three currents are shown in

Fig. 3.17.
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Figure 3.16: Switch Currents
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Figure 3.17: Input Current Harmonics

Clearly the third harmonic is gone from all three input switching currents contrary
to the previous simulation where the harmonics were unbalanced and as high as 7% of
the fundamental. The 5th harmonic is balanced and is less than 4% of the fundamental.
The 7th harmonic is also balanced and less than 2% of the fundamental. The 9th
harmonic is negligible compared to previously where it was 1-2% of the fundamental
and unbalanced. The 11th harmonic is balanced and less that 1% of the fundamental.
The 13th and 15th harmonic are negligible compared to 1% and unbalanced in case
where the duty ratio comparison was done in the same order. The changing of the order
in which the duty ratios are compared to the ramp resulted in a great reduction of the

harmonics in the input currents. The input currents are balanced, the third, ninth,
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and fifteenth harmonic have been eliminated, and the harmonics in the fifth, seventh,
eleventh, and thirteenth have been reduced.

During simulation it was observed that the voltage level of the bus affects the mag-
nitude of the harmonics. As the voltage of the bus increases and is farther from the
average voltage applied at vy, 3K;V;, the more the harmonics increase. The optimal

value of the bus voltage is 3K;V;.

3.1.4 Voltage Control

A voltage controller is designed to regulate the voltage at the DC bus. The RC network
impedance is modelled in Eq. (3.19). The impedance gives the current to voltage transfer
function. The controller will be designed to output a current reference which will be

multiplied by the DC bus voltage to get a power command.

V(s) R

= 3.19
I(s) sRC+1 (3:.19)
Controller Power Stage Plant Model
* *
% Vergl kposn |17 v, Py o o e 2%
L s d v sRC+1

Figure 3.18: Three Phase Voltage Control Loop

The controller design is depicted in Fig. 3.18. A PI controller is selected as the
controller and the plant is modelled as the impedance of the RC network (3.19). The
power stage is considered to have a gain of one because the bandwidth of the controller
will be smaller than the bandwidth of the power controller. The gains V. and V%
are inserted to converter current to power command and power back to current. The
controller gains k; and k, are found by selecting the bandwidth and phase margin, and

solving the two equations (3.20) and (3.21).

kps + k; R
s sRC +1

=1 (3.20)
$=727 fco
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kps +ki R
s sRC +1

4 + 180 = ¢pus (3.21)

s=7427 fep
The values used to calculate the controller gains are shown in Table 3.3. The band-

width is selected as 200Hz, and the phase margin is selected as 70 degrees.

Parameter Value Unit

R 1 Ohms

C 200 ukF

feo 200 Hz
dpPm 70 degrees

Table 3.3: Voltage Control Loop Values

The calculated values of the controller gains are shown in Table 3.4.

Parameter Value
k; 241.31
ky 0.2353

Table 3.4: Voltage Controller Gains

The controller is simulated on the actual system using MATLAB Simulink. The
controller is given a voltage of command of 255 volts and the load is 6.5). The steady
state voltage is plotted in Fig. 3.19a. The DC bus voltage closely tracks the given
voltage command.

At time 210ms the voltage controller is given a step command from 255 volts to 300
volts. The voltage command and actual voltage are plotted in Fig. 3.19b.

In most electric vehicles there is a bidirectional DC to DC converter between the
DC bus and the battery. A more accurate simulation of actual conditions would be
to change the load resistance at some instant of time and observe the voltage. The
objective is to maintain the DC bus voltage constant irrespective of load.

The input currents for a 10kW load, after the LC filter, are plotted in Fig. 3.20. The
currents are sinusoidal, in phase with the input voltage, and contain harmonics but the

magnitudes are with in IEEE-519 specifications. The current harmonics present in the
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Figure 3.19: Capacitor Voltage
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Figure 3.20: Filtered Currents for 10kW Load

inputs currents are shown in Fig. 3.21. The current contains 4% in the 5th harmonic and
less than 1% in the 7th harmonic. The other line frequency harmonics are negligible.

The total harmonic distortion in the current is 4.17%.

3.1.5 Bidirectional Power Flow

The RC network in Fig. 3.1 is replaced by a DC source in order to simulate bidirectional

power flow, as shown in Fig. 3.22.
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Figure 3.22: Bidirectional System Simulation

The RC network cannot be used when putting power back into the AC sources
because the energy will be consumed by the resistor and putting power back into the
grid, eventually decaying the capacitor to zero energy.

The DC source represents either a battery pack or a bidirectional DC to DC con-
verter, between the battery pack and the DC bus, maintaining the voltage at a desired
set point.

The system in Fig. 3.22 is simulated using only the power control loop with the

values in Table 3.2. The DC bus is set to 255 Volts and the power controller is given a
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-10kW command. The input voltages and currents after an LC filter are shown in Fig.

3.23.

Voltage (V)

170 |
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Time (ms)

Figure 3.23: Input Voltage and Filtered Current

The input currents are 180 degrees out of phase compared to the respective input

voltages. The converter is providing 10kW of power from the DC to the AC sources.

The input currents do contain some line frequency harmonics. The harmonic spectrum

of the input current is shown for all three phases in Fig. 3.24.
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Figure 3.24: Harmonic Content

The results are very similar to the charging 10kW simulation. The input currents
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Figure 3.25: Power Step Command from -10kW to 10kW

contain zero third harmonic, 3.2% in the fifth harmonic, and 1.2% in the seventh har-
monic. The higher harmonics are below 0.2% and negligible.

Finally a step power command from -10kW to 10kW is given to the controller in
order to demonstrate the change from supplying power to the grid from the battery to
charging the battery from the grid. The results of the step in power are shown in Fig.
3.25.

The actual power tracks the command and changes from supplying power to the grid
to supplying power to the DC source from the grid. The converter can change modes

from source to sink by a simple change of the power command.

3.2 Conclusion

In this chapter a control design was discussed and implemented for three phase input.
A power controller was designed around the power systems model. It was shown that
considering the model contained error with respect to the actual system, a properly
designed PI controller is suitable for power control. The input current was analyzed and
found to contain high line frequency harmonics and also contained unbalanced current
harmonics. The source of the harmonics was discussed and a simple change to the
strategy was implemented. After the modification to the strategy, the third and ninth

harmonic are zero, the fifth, seventh, eleventh, and thirteenth are now balanced. The
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input currents still contain some harmonics but they are greatly reduced, below IEEE-
519 specifications for harmonic content, and below total IEEE-519 THD requirements.
The RC network was removed to demonstrate that the converter with the presented

control strategy was capable of bidirectional power flow.



Chapter 4

Single-Phase Modulation using
Dual Active Bridge Analysis
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Figure 4.1: DC-DC Dual Active Bridge

io

This Chapter is put together with the collaboration of my colleagues Gysler and

Kaushik. A paper, including this work, will be be submitted to a future conference.

4.1 Analysis

A DC to DC dual active bridge is depicted in Fig. 4.1. The magnetizing inductance
of the transformer is neglected and the turns ratio is assumed to be 1 : n. The leakage
inductance of the transformer is lumped to the secondary side, L = L,n* + L, for
analysis. V7 and V5 and DC sources. In order to flow power between sources in a Dual

Active Bridge, a square wave is applied to v; and a phase shifted square wave is applied

49
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to vo.

4.1.1 DC - DC Dual Active Bridge Analysis

During the first T /2 time period, S and Sy are closed, V; is applied to to v, and nV; is
applied to v1. During the second Ts/2 time period, Sy and S5 are closed, —V; is applied
to v, and —nV7 is applied to v1. The two switching states are applied at a frequency of
fs and the waveform at v is shown in Fig. 4.2. The average voltage of vs is synthesized
to be equal to v; during the time period of % The width of the pulse at vy is assigned
the duty ratio in (4.1) and is depicted in the second waveform in Fig. 4.2. The leg with
switches S5 and Sy are phase shifted from switches Sg and Sg in order to generate the

duty ratio.
nVi

Va

In order to transfer power, the voltage waveform at vy must be phase shifted from v.

d= (4.1)

The phase shift in Fig. 4.1 is shown as At in the third waveform. Equation (4.2) imposes
a condition on the maximum phase shift allowed to maintain the width of the vy pulse
within its respective Ts/2 time period. Graphically it means that the pulse at vy must
stay inside the pulse at v; as shown in Fig. 4.1. Equations (4.3) and (4.4) set up and
impose the condition. Equation (4.3) defines the ratio § which is confined to -1 to 1 and
controls the phase shift from -90 degrees to 90 degrees.

T dT T
4 A f 2 4.2
1 + At + 1 < 5 (4.2)
At
5 i (4.3)
5| <1—d (4.4)

In Fig. 4.2, vy, and the current in the inductor iy, are plotted for a phase shift of At.
Assuming an initial condition of zero current through the inductor, the currents Iy, Io,
and I3 are calculated in (4.5), (4.6), and (4.7).

Vi (T, dT,
11_L<4+At ; ) (4.5)
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Solving for the current I3, using (4.5), (4.6), (4.7), and (4.1), leads to I3 = 0. This

results shows that at each instance the primary switches change the current is zero
which means the primary bridge is switched at zero current.

The average power transferred in to ve during a % time period is calculated in

equation (4.8) and (4.9).

L+ 1 deg

Pag = Vo= 5= 50 (4.8)
nV1 Va0
P = d 4.
g 4Lfs ( 9)

Assuming a lossless circuit, the average power during a % time period delivered from
V1 is set equal to the average power into v2 in equation (4.10). The average current of
i1 over a % time period is calculated in (4.11). Given a fixed phase shift of §, equation
(4.11), the average current during a % time period becomes proportional to the duty

cycle d. The average current iy is calculated in (4.12) and varies with the duty ratio

squared. 5
- nV1l;
‘/111 = 2Lfs d (4.10)
- nVad
11 = 4Lfsd (411)
= ’I’LV25 2
i9 = AL 7, (4.12)

The values in Table 4.1 are used in (4.9), (4.11), and (4.12) and the calculated values
are in Table 4.2. The system in Fig. 4.1 is simulated with the parameters in Table 4.1
in order to verify (4.9), (4.11), and (4.12).

The plot of average power is shown in Fig. 4.3a and shows the calculated value in
dashed grey, 1kW, coincides with the simulation value, in black, after the initial start
up. The average current in the first source is calculated to be 10 Amps and coincides
with the simulation results shown in Fig. 4.3b. Finally the average current into source
two is calculated to be 5 Amps and agrees with the simulation results shown in black

in Fig. 4.3c.
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Parameter Value Unit
i 100 \Y
Vs 200 A%
L 312.5 uH
fs 1 kHz
4] 125
d 0.5
n 1

Table 4.1: Simulation Parameters

Parameter Value Unit

Pavg 1 kW
i 10 A
i9 5 A

Table 4.2: Calculated Values

The voltages vy (t), v2(t), and current iy (t) are plotted for 4ms in Fig. 4.4. At every
instance the voltage v;(t) changes the current iy, is zero. This simulation result confirms
the theory and proves the primary switches are soft switched (ZCS).

In conclusion the theory resulting in equations (4.9), (4.11), and (4.12) is verified by
simulation results. In the next section (4.11) will be exploited, by letting the DC source
V1 become sinusoidal and utilize the duty ratio to control the average current from the

source.

4.1.2 AC - DC Dual Active Bridge Analysis

In this section the first source has been changed from a DC source to the AC source as
shown in Fig. 4.5. The transformer magnetizing inductance is neglected and the leakage
inductance is lumped to the secondary. The switches on the primary side now must be
four quadrant because of the AC source voltage swings both positive and negative.

The AC source is defined in (4.13) with a magnitude of V; and frequency of w;. The
duty ratio is defined to vary with the input voltage shown in (4.14).
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Figure 4.3: Steady State Simulation Results

vs(t) = Vi sinw;t (4.13)
nlvs(t)]  nV;|sinw;t]

d(t) = = 4.14

() = "L - (1.14)

The duty ratio must be between zero and one so the absolute value of sine is taken

to respect that condition. Letting the duty ratio in (4.11) vary by (4.14) obtains the

result for the average current shown in (4.15).

- nVyo ; n?V,o

is(t) = 117 (t) = 17, |sin wjt| (4.15)
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Figure 4.5: AC-DC Dual Active Bridge

The average current from the AC source, given a fixed phase shift §, varies by the

absolute value the input voltage which has the form of the absolute value of sine. The

goal is to have the average input current to be sinusoidal and not absolute value of sine.

The peculiarity here is to notice that at each f;/2 cycle of the input voltage, the square

wave applied at v1(t) changes phase by 180 degrees. The phase shift § at vy is changed

to offset the phase shift of v1. The phase shift, §, is a ratio from -1 to 1 and is changed

180 degrees by multiplying delta by negative one.

n2V;é

ALf

|sin w;t|

(4.16)
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The average current from the input source during the first half and second half period

of the input voltage is shown in Eq. (4.16). By inspection (4.16) can be simplified to
(4.17).

sin(w;t) (4.17)

The average current, is(t), now varies sinusoidally with the input voltage given a
fixed phase shift §. Also the input current is power factor corrected and in phase with
the input voltage.

The peak average current is is multiplied by the peak input voltage and one half to

obtain the average power, (4.18), from the AC source.

P n2V;é 1
avg — 4Lfs i9
n2v:2
= () 4.18
8Lfs ( )

A simulation is carried out to verify the analytical and theoretical results. The
simulations parameters used are shown in Table 4.3. The results of the input voltage
and input current are shown in Fig. 4.6a. The input voltage is shown in black with a
frequency of 60Hz and magnitude of 100 Volts. The average input current is shown in
grey and is in phase with respect to the input voltage, sinusoidal, and has a magnitude
of 100 Amps. The average current and power is compared between the theoretical
equations and simulation results in Table 4.4. The average current and average power
are in agreement providing verification of the analysis.

The switching current i4(t) is depicted in Fig. 4.6b. Besides the 10kHz switching
component, a vivid 60Hz outline can be observed in Fig. 4.6b. A complete Fourier
analysis is carried out on the switching currents in order to investigate the harmonic
content in the input current.

Besides the 10kHz switching component, a vivid 60Hz outline can be observed in
the waveform. A complete Fourier analysis is carried out on the switching currents in
order to investigate the harmonic content in the input current. The results of the fourier

analysis normalized to the magnitude at 60Hz are shown in Fig. 4.7a and 4.7b.
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Parameter Value Unit

Vi 100 \Y
Vi 400 A%
L 50 uH
fs 10 kHz
4] 0.5

d 0.5

n 2

Table 4.3: Simulation Parameters

Parameter Calculation Simulation Unit

is 100 100 Amps
Pavg 5000 5000 Watts

Table 4.4: Simulation Results

Fig. 4.7a shows the complete harmonic profile with the fundamental appearing at
60Hz and the switching components appearing at 10kHz. The switching component at
10kHz can be removed from the input current by a properly designed LC filter placed at
the input. The filter should be designed with a cut off frequency much lower than 10kHz
but not low enough to introduce significant phase delay at 60Hz. In Fig. 4.7b the first
13 harmonics of 60Hz are shown. In this modulation scheme there are negligible line
frequency harmonics from the 3rd to 13th in the figure and higher until you reach the
switching frequency components. One metric of the modulation scheme is the primary
switches peak current rating compared to the average current from the source. This
modulations scheme is similar to the peak current control method in PFC. The switch
rating in this modulation scheme has to be double of the peak average current from the
source. The primary switches peak current rating is derived in (4.19).

4 % TLQVZ'
Up,switch = 2% s = Tfs

In the DC-DC Dual Active Bridge case it was shown that the modulation scheme

(4.19)

has the advantage of zero current switching on the primary side of the circuit. In this

analysis the input source was changed to an AC source. In order to draw sinusoidal
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Figure 4.7: Frequency Spectrum

current the duty ratio is set to vary sinusoidally with the input voltage. In Fig. 4.8
the voltages v (t), va(t), and the current ir(t) are plotted at some instant of time.
The inductor current iy, is plotted in grey. At each instant when the primary switches,
meaning the voltage v1(t) changes from positive to negative, the current iy, is zero. The
simulation results confirm zero current switching for the presented modulation scheme.

The average current into the DC source will be investigated. The average current
for the AC-DC dual active bridge is defined in (4.20) by substituting the duty ratio

with a time varying duty ratio. The average current into the DC source is derived in
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Figure 4.8: Zero Current Switching

(4.21) where d= ’"{2 . The average current is of the form of a sine squared. This average
current is similar to the current into the RC circuit from the previous chapter. If the
DC source is replaced with an RC circuit the analysis for designing a voltage control
loop would be similar to a single phase power factor correction circuit. The average

current into the DC source results from simulation are shown in Fig. 4.9.

- TLVd(5

() = 77 T d(t)? (4.20)
_ Zz‘;jja(siﬁ wit) (4.21)

By observation, the average current from simulation has the form of sine squared
and a magnitude of 25 Amps. Using the simulations values from Table 4.3 in Eq. (4.21)
returns a current magnitude of 25 Amps which coincides with the simulation result.

Another important metric in dual active bridge type of converters is the utilization
factor of the transformer. This metric is a ratio of actual power transferred through the
transformer to the load by how much reactive power flows back and fourth through the
transformer. Before this calculation can be done some important quantities must be
found first. The first two quantities that need to be defined are the rms voltage applied
to the primary of the transformer v, and the rms current into the primary i,. Those

quantities are defined and calculated in (4.22) and (4.23).
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1/60
Up.rms 60 /0 v2(t)dt

H

v
NG (4.22)

1/60
i s = 1/60 /0 i2(t)dt

21/ 9 32nV; | 9n2V2
n Vz\/G + 186 vt 2‘/0121

= S4LL, (4.23)

The equations are evaluated using the values in Table 4.3 and compared against
simulation results in Table 4.5. The rms primary voltage and rms primary current are
in close agreement.

The next two important quantities to be defined are the rms voltage applied to the
secondary v and the rms current through the secondary winding. Those quantities are
defined and calculated in (4.24) and (4.25).
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1/60
V2 rms = 1/ 60 / v3(t)dt
0

- \/Z Vv, (4.24)

1/60
iLrms = {/60 / i2 (t)dt
0
9n2Vi2

32nV;

- 24Lf, (4.25)

These rms equations are checked for validity by using the values in Table 4.3 and
comparing those results with simulations values. The rms secondary voltage and rms
secondary current results are shown in Table 4.5 and again are in close agreement. These
four quantities will be used in determining the reactive power flow in the transformer.

The reactive power flow through the transformer is defined in (4.26). The reactive
power flow is calculated using (4.26) and compared against the simulation result in
Table 4.5. The calculated and simulated values are in close agreement and one thing
to note is the value of the reactive power. The average power flow is 5kW while the
reactive power flow is 1.8kW. Ideally, reactive power would be zero because that power
will flow back and forth in the transformer losing power through winding resistances,
core resistances, etc, but any time, the duty ratio is not one, there will be some reactive
power flow. The reactive power flow is a excellent metric and should be anaylzed closely

when designing the converter.

1 ) .
Pr = i(vp,rmszp,rms - U2,rmsZL,rms) (426)

d (2\@ + d\/Tr) Vd?\/12 (7 4 3m2) — MVLdvi n gni/ﬂzvf
d
= 96 L f (4.27)

The reactive power is plotted in Fig. 4.10 for various operating points d, and phase

shift ¢ from 0 to 1. The operating point of the simulation, d = 0.5, is shown in bold. One
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Figure 4.10: Reactive Power Flow

observation is that when ¢ is zero there is no actual power flow but about 1kW of reactive
power flows. Another keen observation is that as duty ratio decreases more and more
reactive power flows. This observation is intuitive because as the duty ratio decreases, a
lesser amount of power is allowed into the DC source and more power circulates in the
transformer. This keen observation should be kept in mind when designing a converter
with this modulation strategy.

The next metric that lends some insight into the design of this converter is the
utilization factor of the transformer. This factor is a ratio of reactive power to average
power flow and is defined in (4.28).

U = Jj_‘j;;g (4.28)

Ideally, this factor would be infinity, meaning that all the power is being delivered to
the load and none is flowing back and fourth between the transformer. The utilization
factor is plotted for various operating points of d, from 0.1 to 0.9 in steps of 0.1, and
over all §, from 0 to 1, in Fig. 4.11. The operating point of the simulation is shown in
bold and shows that as ¢ increases the utilization factor increases and thus the reactive
power flow increases, irrespective of the operation point d. The utilization factor is
another useful metric in the design a converter with this modulation scheme.

Lastly, the rms quantity of i4(t) is defined in (4.29). This quantity is very useful
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Utilization Factor P/PT

Figure 4.11: Utilization Factor

in determining system cost due to capacitor sizing and also it determines the capacitor

current ripple rating.

1/60
id,rms =4/60 / Z?l (t)dt
0

45n7V; 64”2‘/;-2
nTsVi\/d (80 + 24057 — B 4 S )

= TN (4.29)

The rms ripple current is plotted for various operating points, d from 0.1 to 0.9 in

steps of 0.1, and all §, from 0 to 1, in Fig. 4.12. The operating point of the simulation
is shown in bold in the figure. As delta increases at each operating point the rms ripple
current increases which is to be expected but over the various operating points d there
are is a local maximum and local minimum.

Starting with d = 0.1 and increasing d the rms ripple current increases until about
d = 0.45 where is begins to come back down. Considering just rms ripple current and
minimizing it, the obvious selection would be d = 0 but we know at that operating point
there would be zero average power flow and large amounts of reactive power flow. This
metric should be given careful attention when designing a converter with the proposed

modulation scheme because it is directly related to the capacitor sizing and thus cost

of the system.
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Parameter Calculated Simulation Unit

Uporms 70.71 70.71 \%
Ul rms 141.42 141.4 \%
V. 225.67 225.9 \%
iprms 85.2 85.92 A
iLrms 42.6 42.96 A
ide.rms 27.47 27.32 A
Pic.rms 10986 10950 W

Pr 1794 1814 W

Table 4.5: Simulation Results

4.2 Bidirectional Power Flow

The converter in Fig. 4.1 is simulated with the values in Table 4.3 except § is set to -0.5.
The theory states that the current should be 180 degrees out of phase and pull power
from the DC source and supply it to the AC source.

The average current is plotted along with the input voltage in Fig. 4.13a. The input
current is sinusoidal and 180 degrees out of phase with the input voltage therefore power
is flowing into the AC source. There are no harmonics present in the average current.

The switching current is plotted Fig. 4.13b. It contains the switching harmonic at
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10kHz and also the outline of the 60Hz component is observable in the waveform.

The votlages vy and v9 and the current 77, are plotted in Fig. 4.14.
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Figure 4.14: Modulation Cycle

The voltage waveform wvs is shifted to the left with respect to v1. The current is zero

at each switching of v; proving that the input converter is soft switched irrespective of

the phase shift ¢.

The modulation scheme on the proposed converter is shown to work with bidirec-

tional power flow.
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4.3 Conclusion

The first section analyzed a DC-DC dual active bridge. A new modulation scheme
was proposed. The equations for average current and average power were derived. In
the next section the duty ratio was exploited from the DC-DC case. The modulation
scheme was adapted to allow the duty ratio to vary sinusoidally with the input voltage.
This resulted in sinusoidal current being drawn from the source. Important quantities
like average current and power were derived for the AC-DC dual active bridge. The
input current was analyzed for harmonics and contained zero line frequency harmonics.
The average current into the DC source was found to vary by sine squared similarly
to a single phase power factor correction circuit. The reactive power was analyzed,
discussed, and noted as a considerable design factor. The transformer utilization factor
was also analyzed and mentioned as another mindful design factor. The rms capacitor
current was derived and mentioned as a factor in cost and size. Simulation results were
given for positive and negative phase shifts confirming bidirectional power flow. Lastly

simulation results were given and matched theoretical quantities.



Chapter 5

Three-Phase Modulation using
Dual Active Bridge Analysis

This section presents an analysis of novel modulation scheme for a three-phase AC
to DC dual active bridge converter. The converter is shown in Fig. 5.1. The input
converter (A) is a three-phase to single-phase matrix converter and is comprised of the
six switches Sq1, Sp1, Se1, Sa2, Sp2, and Sgo. The six switches are four quadrant switches
and each switch is realized with two emitter tied IGBTS. The input voltages supplied
to the matrix converter are defined in (5.1). The output converter (B) is a H-bridge

and consists of two quadrant switches, Sy, S, S3, S4. The switches in the H-bridge are

v S iq
v, %
ve %
va a2

Converter A

Converter B

Figure 5.1: AC-DC Dual Active Bridge

67
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Figure 5.2: Modulation Cycle
realized with single IGBT’s.
Vg (t) = Vj cos (w;t)
27
vp(t) = V;cos [ wit — —
( ) 7 i 3 (5'1)
47
ve(t) = Vj cos <wz~t iy

In this analysis the magnetizing inductance of the transformer is assumed to be very
large therefore its effect is neglected. The entire leakage inductance of the transformer
is lumped into a single inductance L = Lpn2 + Ls and is refereed to the secondary.
The primary winding resistance, the secondary winding resistance, and the core loss
resistance is ignored. The H-bridge is connected to a DC voltage source V;. The
transformer is modelled as an ideal transformer with turns ratio 1 : n followed by the

lumped leakage inductance L in the secondary, shown in Fig. 5.1.
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Figure 5.3: First Third Cycle

5.1 Analysis

One complete cycle of the proposed modulation scheme is shown in Fig. 5.2. Each of

the three cycles will be discussed separately.

5.1.1 First Third Cycle Analysis

In the first third cycle only the voltage sources v, and vy are used. Source v, is unused
during the first third cycle, as shown in Fig. 5.3. Note that when v, is not used, it looks
similar to single phase AC to DC dual active bridge. During the first sixth of the cycle,
switches S,1 and Spo are closed, applying the voltage v, to the primary. During the
second sixth of the cycle, Sp; and Sgo are closed, applying —wvgp to the primary. The
duty ratio d; is defined as (5.2), and is the ratio of time v, is applied to vy by converter
B.

The duty ratio is chosen such that during the first and second sixth of the cycle, the
average voltage at v; is equal to the average voltage at v2. This can be seen pictorially

as vp and vy in Fig. 5.2. The waveform at vs has a magnitude of V; and a duration of
les
=2

_ ”Uab(t)|n
Va

The phase shift of the waveform at vo with respect to vy is depicted as At in Fig. 5.2.

di (1) (5.2)

At is restricted so that the pulse of V; at vg lies within its respective % time period.

That is to say in the first sixth, the pulse of V; must lie within the time period [0 %]
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The inequality (5.3) is defined to impose the condition.
The phase shift § is defined as a ratio from -1 to 1, which is equivalent to -90 to 90
degrees, shown in (5.4). Using the definition (5.4), (5.3) can be simplified to (5.5).

T, dT, T,
Z=4A S < I8 .
12+ t+ o <% (5.3)
At
= 4
O= T (54)
0] <1-d (5.5)

The voltage across the inductor for the first third of the cycle is given in (5.6). It is
assumed that at the beginning of the cycle, the inductor current is initially zero. The
current rises to 17, and decreases to I at the two consecutive switchings of converter B.
The current reaches I3 at the first switching of converter A. The choice of d; guarantees
that I3 is equal to zero. The currents Iy, Iz, and I3 are given in (5.7), (5.8), and (5.9).
To prove that I3 is zero, the equations (5.2), (5.7), (5.8), and (5.9) are used to solve
for I3. I3 does indeed simplify to zero and implies that converter A is switched at zero
current (ZCS).

In the second sixth of T, —vg is applied to the primary. Converter B applies a —Vj
pulse of duty ratio di, phase shifted by the same amount §, to vo. Again the average
voltage applied across the inductor is zero therefore the current at % is zero, proving

that converter A is switched ZCS during the first third of the cycle.

di
vp(t) = nop(t) — va(t) = Ld—tL (5.6)
nVep (T diTs
I = N .
1 i (12—1- t 12) (5.7)
ab — Vg di T
Iy=1 + Wb~ 7d (5.8)

L 6

B nugy ( Ts di T
I3 =1+ 17 (12 At 12) (5.9)
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The average current i, is calculated for the first third of the cycle. During the first
third of T, the current i, is same as i;,. The average current iy, in the first sixth of T
is the same as the average current in the second sixth of T because of the symmetry of

the current waveform and voltage waveform. The average current is calculated for the
first sixth of Ty in (5.10).

Ts

oz = 7 [ 120 (5.10)

S

. n(SVd
T ALf, 1®)

(5.11)

The average current iq, for the first third of the cycle is given in (5.11). Given a
constant phase shift §, the average current i, is proportional to the duty ratio di(t).
The duty ratio dj(t) has the form the of the absolute value of v,(t).

The virtual current i,, only flows when either switches S,;1 and Sy are closed or
when switches Sp; and Sys are closed. This sequence only happens during the first third
of Ts. The current i,y is zero during the second third and third third of T because the
sources v, and vy, are not used. This average current iy, over a full period of Ty results
in being equal to % of the average computed in (5.11). The average current 74, over a
full period of Ty, is given in (5.12). The average current i,, has the form of the absolute
value of a sinusoid. A maneuver is employed to make the current vary sinusoidally. For
the first half cycle of w;, § is fixed as a positive value and during the second half cycle

of wj, § is fixed as the negative of ¢ as shown in (5.13).

- V3n25V; T
(t) = L0V ( " —)‘ 5.12
iap(t) 2L 7. cos (w;t + 5 (5.12)
3n2V;0
%’coswit—l—g‘ if0<t§%
S
iab(t) = (5.13)
3n?V;o :
—\f;;fz‘coswit—i—g‘ if%<t§Ti
S

- V3n25V;
= -————cos (

(t) = Yor s wit + f) (5.14)

6
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Figure 5.4: Second Third Cycle

i

Putting together the two half cycles of iy, results in (5.14). The average current
now varies sinusoidally with v, (t). The analysis for the average current iy, for the first

third of T is complete.

5.1.2 Second Third of Period

Only the AC sources vp and v, are used in the second third of the cycle, as shown in
Fig. 5.4. Again notice how the topology is similar to the single phase AC to DC dual
active bridge. The average current during the second third of T} is investigated. During
the third sixth of T, switches Sp; and S.o are closed, applying the voltage —uvp. to the
primary. During the fourth sixth of T, switches S.; and Sy are closed applying the
voltage vp. to the primary shown in Fig. 5.2. The duty ratio for the second third of the
cycle is defined in (5.15). The pulse of Vj is applied to vq for a duration of d%& during
the third sixth of Ts. Notice how again the pulse of V; remains in its respective sixth

of T, time period. —Vj is applied to vo in the fourth sixth of T, as shown in Fig. 5.2.

et
d(t) = e (5.15)
Va
The currents I4 and I5 are defined in (5.16) and (5.17).
_ —nuye (T doT
I, = T (12+At D > (5.16)
—nupe — Vg do T
A L (5.17)

L 6
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Solving for I results in zero. Again the converter A switches when the current is zero.

%. The converter A is completely soft

Similarly the current reaches zero at time
switched at zero current during the second third of the cycle.

The current 4. is equal to the inductor current during the second third time pe-
riod. The average current iy. is calculated in (5.18). The average current is the same
during the third sixth of T and fourth sixth of T}, therefore the average current is only

calculated during the third sixth of T.

T
- 6 [72 .
(ibe) (s _21s) = T/Ts ir(t) (5.18)
noV,
= 4Lfdd2(t) (5.19)

The calculated average current i is shown in (5.19). It varies with the duty ratio
da(t). The average current iy is zero during the first third time period and third third
time period therefore the average current during the time period Ty is % of the calculated

average current in (5.19). The average current over T time period is given in (5.20).

Bbelt) = \/152712}51/ 0s (w,-t - g)) (5.20)

The phase shift is changed by 180 degrees every half cycle of the input voltage,

similarly to the previous section, in order to remove the absolute value sign from the
average current. During the positive half cycle of vy, delta is positive and during the
negative half cycle of vyc, the sign of delta is negative. The resulting average current
ipe is (5.21).

- B V3n25V;

ipe(t) = L. cos (wit - E) (5.21)

2
5.1.3 Third Third of Cycle

Only the AC sources v, and v, are used in the last third of the cycle, as shown in Fig.
5.5. Once again note how the topology is similar to the single phase AC to DC dual

active bridge.
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During the fifth sixth of T ,switches S.; and Syo are closed, and v, is applied to
the primary. Finally during the last sixth of Ty, switches S, and S.o are closed, and
—v¢q is applied to the primary, depicted in Fig. 5.2.

The duty ratio for the last third time period of T is defined in (5.22). The pulse of
Vy is applied to vy for a duration of % during the fifth sixth of Ts. —V} is applied to
vo in the last sixth of T as shown in Fig. 5.2.

ds(t) = ftea (Bl Uca‘g) i

The currents during last third of T I, I7, and Ig are calculated in (5.23), (5.24), and

(5.25). Solving (5.25) using (5.23) and (5.24) reduces to zero current. The converter A

5T
&
zero concluding that the converter A is soft switched during the last third of T%.

(5.22)

is switched at zero current at time In the last sixth of T the current again reaches

NUeq [ Ts dsT
Ig = 25 AE— 2
6T L (12 * 12 ) (5:23)
NVeq — Vd d3T5
Ip=Ig+ —ca—"d 5.24
7 6+ I 6 ( )
o (T dsT,
Io=1I. + m; (1; — At — i;) (5.25)

The current i, is equal to the inductor current during the last third of time period

Ts. The average current i., is calculated in (5.26). The average current is the same
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during the fifth sixth of T and the last sixth of T}, therefore the average current is only
calculated during the fifth sixth of T%.

5T
- (8 6
Gl g = 7 [,y 000 (520
noVy
= ALS ds(t) (5.27)

The average current i., during the last third of Ty is shown in (5.27). The average
current, given a fixed phase shift, varies with the duty ratio ds(¢). The average current
icq is zero during the first and second thirds of T}, therefore the average current 7., over
the time period Ty is % of the average current calculated in (5.27). The average current

icq Over the time period T is given in (5.28).

cos (wit - 7(?) ‘ (5.28)

The absolute value can be removed by revisiting the change of delta in the two

. V3n28V;
el = Torp,

previous sections. The value of delta is fixed and positive for the positive half cycle
of veq(t), and delta is negative of the fixed valued for the negative half cycle of ve, ().
The end result is the average current defined in (5.29). The average current varies

sinusoidally with the voltage veq(t).

251/
i M cos <wit - 77r> (5.29)

tealt) = o1 G

5.2 Virtual to Real Currents

The average currents iy, i, and i, are virtual currents and only flow when their
respective voltage sources are connected to the primary. The average virtual currents
need to be converted to the average current per voltage source. In Fig. 5.6 the virtual
currents are depicted.

Mesh analysis is used to convert the virtual currents to average currents per source.
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Figure 5.6: Virtual Currents

The average current i, is equal to the difference between iy, and i., as shown in (5.30).

lg = iab — e

(5.30)

Uy = Tpe —

lc = tea — lbe

Similarly the average currents i, and i. are the difference of their mesh current

counterparts (5.30).

The average currents i,, iy, and i, are calculated using (5.14) (5.21) (5.29) and (5.30)

and results in (5.31).

~ ALY,

n25Vi 0S w‘t—4—7r
anyg, P\ T

n2sV;
4L f
n2éV;

cos (w;t)

21
cos | w;t — ?

(5.31)

The space vector approach is another method of calculating the average currents i, i,

and 7.. The voltages v,, vy, and v, and average currents iqp, i, and i., are shown as

space vectors in Fig. 5.7. Vector math is used to calculated the average currents i,, ip,

and i, and results are shown in Fig. 5.7.

Clearly, from the calculated average currents (5.31) and the space vector results in

Fig. 5.7, the average currents are sinusoidal and in-phase with the input voltages. This

results in unity power factor correction. Also note that there are no line frequency

harmonics present.
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Figure 5.7: Space Vectors

5.2.1 Average Power

The duty cycles in (5.2), (5.15), and (5.22) are time varying and they reach their max-
imum when the corresponding line to line voltages peak. The maximum value of the
duty ratios is defined as d, and is given in (5.32).

Given that § remains constant during a complete cycle of w;, by (5.5), the maximum

A

value of |§| must be less than or equal to (1 — d).

n\/3V;
Va

The average power for this converter can be computed over a cycle of T using the

d=

(5.32)

equations (5.31) and (5.33). The average power, P, is constant over Ts and is the same

power that flows through this converter over a complete cycle of the input voltages.

<P>Tg = Uaga + Ubgb + fchc (533)
_ 142V

P=_—" 34

8 LJ. (5.34)

The average power, calculated in (5.34), is changed to per unit using the base (5.35)
and plotted for fixed values of d from 0.1 to 0.9, over the allowable range of ¢ in Fig.
5.8.
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Pbase = 27de I
s

(5.35)

Figure 5.8: Average Power Per Unit

Irrespective of the maximum duty ratio d, the power is a linear function of the phase
shift. Controlling the power using this modulation scheme is relatively simple compared
to the control scheme present in previous chapters. The maximum power, f_’pu, per unit

s

feasible in this modulation strategy is (g3-) and is realized at d equal to % and J equal

1
to 3

5.2.2 Utilization Factor

An important metric in analyzing dual active bridge type of converters is the ratio
of average power to reactive power in the transformer. The reactive power in the

transformer is defined in (5.36).

1 . .
Pr = 5(vaLszprms + V2rmst Lrms) (5.36)

The reactive power defined in (5.36) is equivalent to the volt-ampere rating of the
transformer. The reactive power, in per unit, is plotted in Fig. 5.9, for fixed d from 0.1
to 0.9 in steps of 0.1 and over all § from -1 to 1.

The results of the reactive power show that for low duty ratios there is a lot of reactive

power compared to high duty ratios where there is little reactive power. Intuitively this
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Figure 5.9: Reactive Power Per Unit

makes sense because the duty ratio is essentially the amount of time that the DC
source is connected to the transformer. The longer the DC source is connected to the
transformer, the more power is transferred into the source, conversely the shorter time
the DC source is connected to the transformer the more time the power goes back and
forth in the transformer.

The utilization factor is defined as the reactive power divided by average power
(5.37). The utilization factor gives insight into how much over power is being transferred
compared to the power that is being transferred back and forth in the transformer. For
example, even when § is equal to zero, the net average power transferred is zero, but a
non trivial amount flows back and forth between the two sources.

— PT

Uy =3 (5.37)

The utilization factor has been plotted in Fig. 5.10 as a function of § for various
fixed values of d from 0.1 to 0.9 in steps of 0.1.

The maximum utilization factor of the converter occurs at d equal to % It is the
same d that provides the maximum amount of power transfer. These two metrics give
important insight into potential converter losses in the transformer and transformer
ratings. They can and should be used when designing a converter with the presented

modulation scheme.



80

0.8}

04}

Figure 5.10: Transformer Utilization

5.2.3 RMS Ripple Current

Another important metric in AC to DC dual active bridges is the RMS ripple current
into the DC source. The RMS ripple current gives an insight into the sizing of the
capacitor which also effects the cost. The RMS ripple current is given in (5.38).

Vid <_15ﬁ5d + \/5\/ d (80 — 45dm + 24062 + 64&2))
Ud,ripple,rms — 120[]\/77.]03

(5.38)

The per unit RMS ripple current, is the RMS ripple current divided by the current
base(ipgse = QWVﬁ) and results in (5.39). It is plotted for various fixed d from 0.1 to 0.9

in steps of 0.1, as a function of § in Fig. 5.11.

1 . . A A A
it rigple.rms, P = =5 <—157r<5d n \/571'\/ d (80 — 45dr + 24062 + 64d2>> (5.39)

Considering a design just based on the minimum ripple current would lead to a duty

ratio of zero or as close to zero as possible which is infeasible. One note in the plots in

Fig. 5.11, is that there is maximum near d equal to % The trade off while operating

at d equal to %, is while the converter operates at the maximum average power and

utilization, the ripple current is also maximum.
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Figure 5.11: Output RMS Ripple Current

Parameter Value Unit

L 50 pH
Vi 100 A%
Vi 400 A%
fi 60 Hz
fs 3.33 kHz
n 1

4] 0.3

Table 5.1: Simulation Values

It is the opinion of the author that the optimum choice of d is % The correct rms

rating of the capacitor based on that choice will have to be selected above the calculated

rms ripple current.

5.3 Simulation

The converter in Fig. 5.1 is simulated in MATLAB Simulink, with the parameters listed
in Table 5.1, using the presented modulation scheme. In this simulation the phase shift
is positive therefore power is put into the DC source.

Fig. 5.12 shows the simulation results of vy, ve, and ¢y for a complete period of
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Ts. Note the frequency at which the voltage is applied to the transformer is 3 times
the modulation scheme frequency fs;. At each switching of the voltage vy in Fig. 5.12,
the current iy, is zero which confirms the theoretical results of zero current switching in

converter A.

U2
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-200 | 1-40
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—400 | L 1-80
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Figure 5.12: Simulation Result : Zero Current Switching (ZCS)

The simulation results of the average input currents i, i, and 4. are shown in Fig.
5.13.

They are observed to be sinusoidal, in phase with their respective input voltages,
and contain no line frequency harmonics. This result confirms unity input power factor
correction. Using the values in Table 5.1 combined with the equations in (5.31), the
peak of the average currents is 15A which matches with the simulation results.

The switched currents for i,(t), ip(t), and i.(¢) are shown in Fig. 5.14.

The switched currents show the 3 times fs, or 10kHz, harmonic as well as the outline
of the 60Hz component. The calculated FF'T on the input switch currents is shown in
Fig. 5.15 and is normalized to the fundamental 60Hz.

The input current contains the fundamental at 60Hz and some more switching com-
ponents around the 3.3kHz range. The switching components around 3.3kHz can be
removed from the input current by inserting and properly designing a LC filter.

The Fourier spectrum of the input current is closely investigated around 60 Hz in

Fig. 5.16. There are zero line frequency harmonics and therefore 0% THD in the input



83

Current (A)

0 83 16.7
Time (ms)

Figure 5.13: Average Three Phase Currents
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Figure 5.14: Switch Currents

current. The harmonic content of the other phases b and ¢ are the exact same as
phase a and contain zero line frequency harmonics. This modulation scheme provides
a distinct advantage of the previously present control strategies in that it provides no

line frequency harmonics.

5.4 Bidirectional Power Flow

The converter in Fig. 5.1 is simulated in MATLAB Simulink, using the parameters
listed in Table 5.1, except this time the phase shift ¢ is negative, -0.3 instead of 0.3. In
this simulation the phase shift is negative therefore power is put into the three-phase

AC source.
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Figure 5.16: Frequency Spectrum of i,

The two voltages, v; and ve, and the current iy, is plotted for one complete cycle of
the modulation scheme in Fig. 5.17. One thing to note in the figure is that the voltage
v9 is shifted to the left with respect to v; which reflects the change of § from 0.3 to -0.3.
The current iy, is zero at each switching of vy, therefore, converter A is soft switched.
Zero current switching doesn’t depend on the direction of power flow.

The filtered current from AC source vg(t) is shown in Fig. 5.18. The current is

sinusoidal and 180 degrees out of phase with the input voltage. This result shows power
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Figure 5.17: One Cycle of Modulation Scheme
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Figure 5.18: Filtered Phase A Current

is being put into the AC sources.

5.5 Conclusion

In this section a three-phase AC to DC dual active bridge modulation scheme was
presented. The three-phase scheme built upon the previously discussed single-phase

modulation scheme. The average currents from the sources were derived and found to
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track the incoming voltages. The magnitude of the average currents can be controlled
by the phase shift § and is a linear control variable. Important metrics including re-
active power, utilization factor, and RMS ripple current were discussed and derived.
Simulation results were presented for proposed modulation scheme. The input currents
are sinusoidal and in phase with the input voltages. The input currents contain no line
frequency harmonics and the input converter A is soft switched under all load condi-
tions. The converter is simulated with a negative phase shift providing power back to
the three-phase AC sources. This result proves the modulation scheme and converter

can provide bidirectional power flow.



Chapter 6

Hardware Results for Single

Phase Input

RIS
3 fﬁi IR

Figure 6.1: Single Phase Hardware Topology

6.1 Power Board

The IGBT module used in this design is 1200V Microsemi APTGT75TDU120PG. They
are rated for 75 Amps and can switch up to 20kHz. One module is used per power
board. Each power board is comprised of one module or six IGBTS, with three pairs of

emitter tied IGBT’s. Each module then has 3 bidirectional switches. Each board is a

87
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three-phase to one output building block. Three boards creates a regular three-phase to
three-phase matrix converter. Two boards creates a three-phase to single-phase matrix

converter which is used in this project.

6.2 Single Phase Experimental Results

The single-phase topology is built and shown in Fig. 6.2. The parts in the figure are as
follows: one is the input filter inductance, two is input filter capacitance, three is the
single phase transformer, four is the DC bus capacitor, five is the h-bridge inverter, six

is the leakage inductance, seven is the input matrix converter, and eight is the FPGA

control board.

Figure 6.2: Single Phase Input Experimental Setup

6.2.1 Experiment

The FPGA code was written to implement the duty ratios, matrix converter switching,

h-bridge switching, over current protection, and over voltage protection. The duty
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Table 6.1: Experimental Values

Parameter Value Unit

Ly ) mH
Cy 40 wF
L 50 uH
Vi 100 A%
Va 244 A%
fi 60 Hz
fs 10 kHz
n 1
0 0.3

ratios are calculated using the input voltage and bus voltage, which is measured using
a LEM sensor and fed back to the FPGA. The code accepts a fixed phase shift. The
experiment is run using the values in Table 6.1. The transformer was wound to minimize
the leakage inductance and an external inductance is added in series to drown out the
leakage inductance. This is done in order to be able to change the leakage inductance
quickly, without having to redesign and rewind a new transformer.

The primary and h-bridge voltage waveforms are plotted in Fig. 6.3. The primary

300
200 F U2
100 | Up

O.

Voltage (V)

-100

=200

-300
Time (ms)

Figure 6.3: Primary and H-Bridge Voltage
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voltage is shown in black and the h-bridge voltage is shown in grey. Note how the
average voltage over a half cycle of the primary and h-bridge are equal. The h-bridge
voltage is shifted positive with respect to the primary.

The primary voltage and primary current are shown in Fig. 6.4.
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Figure 6.4: Primary Voltage and Current

The current is at or very close to zero at each switching of the primary voltage. This
results shows the input matrix converter is soft switched, zero current switching. Four
step commutation is used in the FPGA but when the current is very close to zero, due
to timing and measurement inaccuracies, the fpga cannot determine the direction of the
current. During this time all the switches are turned off and the clamp circuit provides
a path for the primary current. The high voltage spike present on the primary voltage
is the instance in time where the clamp circuit is conducting.

The input current is shown in Fig. 6.5. The input current is sinusoidal. The har-
monics present in the input current are shown in Fig. 6.6.

The input current contains 3.5% in the third, 4% in the fifth, 1.5% in the seventh, 1%
in ninth, and 1% in the eleventh. These harmonics are above IEEE-519. The harmonics
present in the input current are coming from two sources. The first source is the LC
filter. The input voltage from the grid contains some harmonics at the fifth, seventh,
eleventh, and thirteenth. The impedance of the LC filter at these harmonics is quite

low and leads to some significant currents at the harmonics. The second source is the
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duty ratio calculation. The duty ratio is calculated from the measured input voltage
and because the input voltage contains harmonics, then the average current drawn will

contain those harmonics.



Chapter 7

Hardware Results for Three

Phase Input

7.1 Three Phase Experimental Results

The three-phase topology in Fig. 7.1 is built and shown in Fig. 7.2

& Ei T

1

Ay
/1

1K
1

1

1

Figure 7.1: Hardware Topology

The components of the hardware setup in Fig. 7.2 are as follows: one is the FPGA
controller board which measures the input line voltages, the DC bus voltage, and the
primary current, and it outputs all the switching signals for the matrix converter and h-

bridge. The FPGA is also running four step commutation for the matrix converter. Two
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Figure 7.2: Three Phase Input Experimental Setup

is the three-phase to single-phase matrix converter. Three is the input filter capacitor
bank. Four is the leakage inductance of the transformer. Five is the transformer. Six
is the h-bridge inverter. Seven is the DC bus capacitor. Eight is three variacs and they

are used to control the input voltages.

7.2 Experiment

The experiment is run using the values in Table 7.1.

The voltage across the primary of the transformer and the voltage output from the
h-bridge are shown in Fig. 7.3.

The phase shift of v with respect to the primary is positive meaning power is coming
from the grid and being consumed by the resistive load. Note that the average voltage
of vy for any half cycle is equal to the average voltage v,. This results confirms the
implementation of the duty ratios. Also note how the voltage pulse vs stays with in its

respective half time period which confirms the analytical result.
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Parameter Value Unit

Ly 5 mH

Cy 40 wF
L 35 uH
Vi 100 A%
Vi 300 A%
fi 60 Hz
fs 5 kHz
n 1

Table 7.1: Experimental Values
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Figure 7.3: Primary and H-Bridge Voltage

The primary voltage and primary current are shown in Fig. 7.4.

The current is at or almost zero for every switching of the primary voltage. This
result confirms zero current switching of the matrix converter. The current is not exactly
zero because the analysis did not consider the effects of the magnetizing inductance of
the transformer. A controller that drives the current to zero each half cycle is an area
for future research.

The input voltage and input current are shown in Fig. 7.5. The input voltage

contains ripple from the matrix converter switching. This ripple can be removed with
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Figure 7.5: Phase A Input Voltage and Current

a properly designed LC filter and is another area considered for future research. The

input current is sinusoidal and in phase with the input voltage.

The three phase input currents are shown in Fig. 7.6. The three-phase input currents

are sinusoidal and in phase with their respective phase voltages.

The input current contains some line frequency harmonics and are shown in Fig. 7.7
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Figure 7.7: Input Current Harmonics

The input currents contain less than 2% in harmonics from third to fifteen. The har-
monics in the input current are coming from the grid voltage harmonics. The grid con-
tains harmonics at the fifth seventh eleventh and thirteenth. The LC filters impedance
at these frequencies is small and therefore the LC filter draws undesired currents at each
respective harmonic. The experimental results are not under input current control. The
harmonic currents in the input can be removed by implementing input current control,

and is the subject of future research work.
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7.3 Bidirectional Power Flow
The resistive load R is removed and replaced with a DC source. The experiment is run

again but with a negative phase shift in order to put power back onto the grid.

The primary voltage and primary current are shown in Fig. 7.8. The primary current
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Figure 7.8: Zero Current Switching

is very close to zero during all transitions of the matrix converter, leading to zero current
switching of the input matrix converter.

The primary voltage and h-bridge voltage are shown in Fig. 7.9. The primary voltage
is plotted in black and the h-bridge voltage is plotted in grey. The h-bridge voltage has
negative phase shift with respect to the primary.

The input currents for all three phases are shown in Fig. 7.10. The currents contain
a significant amount of harmonics.

The magnitude of the current harmonics are shown in Fig. 7.11. The third harmonic
is present, the fifth has 4 to 6%, the seventh has almost 10%, the ninth has 3%, the
eleventh has 5%, and the thirteenth has 2%. These harmonic levels are not acceptable.
The source of the harmonics is two fold. The first source of the harmonics is from
the LC filter. The grid contains some fifth, seventh, eleventh and thirteenth harmonics
on the voltages. The LC filter impedance at these harmonics is low therefore drawing
a significant amount of current at those respective currents. Secondly the duty ratio

reference is derived from the voltage at the input filter capacitors. The voltage at the
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Figure 7.10: Input Currents

capacitors contained large ripple and transients. These transients and ripple injected

were measured and lead to injection in to the duty ratio calculation on-board the FPGA.
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Chapter 8

Conclusion

EV’s and PHEV’s continue to penetrate into the consumer market. With more EV’s and
PHEV’s on the streets, implementing V2G becomes more feasible and advantageous.
This thesis introduces a novel topology for a isolated bidirectional vehicle charger that
accepts single-phase or three-phase input. This topology has a distinct advantage over
other isolated AC to DC topologies because it doesn’t have an intermediate current or

voltage link.

8.1 Single Phase Control

In Chapter 2 a model is derived for the average power that flows per cycle. Based on this
model a power controller is designed to follow the power reference. The power reference
in single-phase is exactly like a power factor correction circuit. The controller is designed
and results for the input current, and power are given. The input current contains some
harmonics so the controller is redesigned to reduce the harmonics. Given a fixed power
flowing, steady state analysis is done to derive equations for the voltage and voltage
ripple. Simulations results confirm the steady state analysis. A voltage controller is
designed around the power loop. The voltage control designed is very similar to a
power factor correction circuit. Results are given for the steady state voltage, the input
current, and the input current harmonics. The total harmonic distortion is found to be

with in IEEE-519 specifications.
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8.2 Three Phase Control

In Chapter 3 a model is derived for the average power that flows per cycle. The difference
between this model and the model in the single phase case, is that in the single phase
case the average power per cycle changes and in the three phase case the average power
per cycle is very close to constant. A power controller is designed around the model.
Results for input current show a considerable amount of unbalanced harmonics. The
duty ratio based method is adjusted by switching the order in which the duty ratios are
compared to ramp. This adjustment leads to balanced currents and reduced harmonics.
A voltage controller is designed and results of the voltage, input current, and input
current harmonics are given. The RC network is replaced by a DC source to show the

converter working in both modes, charging and discharging.

8.3 Single Phase DAB Modulation Strategy

In Chapter 4, a new modulation strategy is presented. The modulation strategy has zero
line frequency harmonics. The control variable is also a linear relationship with power,
therefore a voltage control design would be simple. Important metrics, like current
ripple, and utilization factor are derived to aide in system design. simulations results

are given, for charging and discharging, and match analytical results.

8.4 Three Phase DAB Modulation Strategy

Chapter 5 presents a new modulation strategy for three-phase AC to DC dual active
bridge converter. The input currents contain zero line frequency harmonics. The switch-
ing currents contain the fundamental and components at one third of the switching fre-
quency applied to the transformer. Conceptually, this point is the result of interweaving
three single-phase ac to dc dual active bridges. The average power has a linear relation-
ship with the control variable. Important metrics like average current, average power,
utilization factor, and rms ripple current are derived. Simulation results are compared

and match with analytical results.
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8.5 Hardware

Chapter 6 and Chapter 7 presents experimental results for the modulation strategy
presented in Chapter 4 and Chapter 5. The input currents are sinusoidal but contain
harmonics. The harmonics come from two sources. The first source of the harmonics
is the utility voltage contains harmonics and the LC filter’s impedance at those har-
monics is low therefore some harmonic current is drawn. The LC filter impedance is
the predominant factor of the input current harmonics. The second source of the input
harmonics is the utility voltage is used to determine the duty ratio. The duty ratio is
proportional to the average current therefore since the duty ratio is derived from the
input voltage, the average currents will contain harmonics. These current harmonics
can be removed by using dq control for the input current which is subject to future

research.

8.6 Future Work
Future problem to investigate in this work include:

e The gird voltage often contains harmonics and because of the impedance of the
input LC filter at these harmonics, some undesired harmonic current flows. Input
current control using dq transform and current source rectifier control, simulation

and hardware results are needed [54, 55, 56, 57, 58, 59].

e This thesis included hardware results but one difficulty often encountered was
flux balance of the transformer. Design and implement a flux controller inside the

FPGA based off of the primary current.

e Implement cycle by cycle zero current controller. The analysis of the DAB mod-
ulation method excluded the magnetizing inductance. The controller would be

designed maintain zero current at each switching of the matrix converter.

e Compare the presented topology with indirect matrix converter at the input. Anal-

yse the trade-offs between the two topologies.

e Implement closed loop control of the DAB modulation strategy.
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e Optimize the design of the input filter based on the sizing of the converter, switch-

ing frequency, and dq current control.
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Appendix A

Protection Module

This module is written in Verilog and shuts down the circuit if there is an over voltage

at the DC bus, or an over current in the primary of the transformer.

module protector (

input clk,

input [11:0] voltage_sense,

input signed [11:0] current_sense,

output reg over_voltage ,

output reg over_current

)

parameter OVERVOLT = 1900; // 1 count is 5mv on A2D, 250mV is ~
~10V on bus, 1 count is .2 Volts on bus!

// 250 is 50 wolts

// 350 is 68.32 wolts

// 410 is 80 Volts

// 80Vim 80/10%.25/.00488

// 461 is 90 Volts

// 512 is 100 Volts

//614 is 120 Volts

// 168 is 150 Volts 150/10%.25/.00488

// 896 is 175 wolts 175/10%.25/.00488
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//1025
//1153
//1280
//1409
//1537
//1665
//1793
//1958

18
18
18
18
18
18
18

18

200
225
250
275
300
325
350
375

volts
volts
volts
volts
volts
volts
volts

volts

parameter OVERCUR = 1127;
// 1 amp = 1 mA

J/ 1 mAz 110 = 110 mV

J// 110mV = 22.54 counts
// 20 amps , 20/1000 x 110/.00488 = 451
// 25 amps , 25/1000 % 110/.00488 = 563
// 30 amps , 30/1000 x 100/.00488 = 614
/) 40 amps , 40/1000 % 100/.00488 = 819
/) 45 amps , 45/1000 % 100/.00488 = 922
// 50 amps , 50/1000 x 100/.00488 = 1024
/) 55 amps , 55/1000 % 100/.00488 = 1127
always Q(posedge clk)

begin

if (voltage_sense[ll] = 0 && voltage_sense > OVERVOLT)

over_voltage <= 1;

else

over_voltage <= 0;

if (current_sense > OVERCUR |

over_current <= 1;

else

over_current <= 0;

end

current_sense < —OVERCUR)
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endmodule



Appendix B

Single Phase Matrix Converter
Module

This code is written in Verilog. The code implements a single phase matrix converter
with four step commutation. The input voltage is chopped at a frequency selected by
OP FREQ.

module top (

input clk,

input AD1_Busy, ADG6_Busy,

output AD1_Cnvstb, AD6_Cnvstb,

output AD1_.CSb, AD6_CSb,

output ADI1_Sclk, AD6_Sclk,

input AD1_DinA, ADG6_DinA,

input AD1_DinB, AD6_DinB,

output [1:0] cur,

output voltage_dir ,

output testout2 ,

output reg [7:0] Q,

output reg [3:0] Qlow, // These outputs will always be low ~
—~logic 0

output [11:0] Q_Hbridge // These outputs create the H-Bridge
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parameter state_ A = 0;
parameter state B = 1;
parameter state_0 = 2;

parameter state_ AB_p_1 = 8;
parameter state_AB_p_.2 = 9;
parameter state_AB_p_.3 = 10;
parameter state_AB_n_1 = 11;
parameter state_AB_n_2 = 12;
parameter state_ AB_n_3 = 13;

parameter OPFREQ = 2500;// Sets the frequency of the matriz -~
sconverter and h bridge

parameter HBDELAY COUNT = 50; //Sets amount of clock cycles ~
~to delay when switching the H bridge states

parameter BANDMAX = 2047;

parameter PHASE SHIFT COUNT = 300;//500; // Sets the amount of~
- clock cycles to delay!

parameter DUTY RATIO.COUNT = 100; //Sets the amount of clock ~
scycles until start of duty cycle

parameter VBUS.COUNTS = 100;

reg [4:0] main_state = 0; //Size state variable 1 msb greater ~
~than what is required.

reg [4:0] hb_state = 0;

reg A2B = 0; // 1 means going from A to B, 0 means going from -~
B to A

reg [8:0] hb_delay_counter = 0;

reg reset = 0;
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11:0] band=25;// 25% 4.89mV = 125mV
11:0] band2 = 4; // band for votlage direction detector

reg

[
[
reg [8:0] delay_count=0;
reg [25:0] counter=0;
reg v_dir = 0;
always Q(posedge clk or posedge reset) begin
Qlow = 4’b0000;

counter <= counter + 1;

if (reset)
main_state <= state_A;
else

begin

/% State Machine for Single Phase Matriz Converter x/
case (main_state)
state_A: begin //STATE A
Q <= 8’b11000011;
if (counter = OPFREQ)
begin
counter <= 0;
A2B <= 1;
if (i_dir = 2’b00)
main_state <= state_0;
if (i_dir = 2’b10) // POS CUR
main_state <= state_AB_p_1;
if (i_-dir = 2’b11) //NEG CUR
main_state <= state_AB_n_1;
end

end

state_B: begin //STATE B
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Q <= 8’b00111100;

if (counter = OPFREQ)

begin

counter <= 0;

A2B <= 0;

if (i_dir = 2’b00)

main_state <= state_0;

if (i_dir = 2’b10) // POS CUR
main_state <= state_ AB_p_3;

if (i_dir = 2’bl11) //NEG CUR
main_state <= state_AB_n_3;

end

end

state_0: begin // STATE ZERO
Q <= 8’b00000000 ;

delay_count <= delay_count + 1;
if (delay_count = 25)

begin

delay_count <= 0;

if (A2B = 1)

main_state <= state_B;

if (A2B = 0)

main_state <= state_A;

end

end

state_AB_p_1: begin // STATE AB Positive 1
Q <= 8’b10000001 ;

delay_count <= delay_count + 1;

if (delay_count = 25)

begin
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delay_count <= 0;

if (A2B = 1)

main_state <= state_AB_p_2;
if (A2B = 0)

main_state <= state_A;

end

end

state_AB_p_2: begin // STATE AB Positive 2
Q <= 8°b10100101 ;

delay_count <= delay_count + 1;
if (delay_count = 25)

begin

delay_count <= 0;

if (A2B = 1)

main_state <= state_AB_p_3;

if (A2B = 0)

main_state <= state_AB_p_1;
end

end

state_AB_p_3: begin // STATE AB Positive 3
Q <= 8’b00100100;
delay_count <= delay_count + 1;
if (delay_count = 25)
begin
delay_count <= 0;
if (A2B = 1)
main_state <= state_B;
if (A2B = 0)
main_state <= state_AB_p_2;

end



119

end

state_AB_n_1: begin // STATE AB Negative 1
Q <= 8’b01000010;

delay_count <= delay_count + 1;

if (delay_count = 25)

begin

delay_count <= 0;

if (A2B = 1)

main_state <= state_AB_n_2;

if (A2B = 0)

main_state <= state_A;

end

end

state_AB_n_2: begin // STATE AB Negative 2
Q <= 8’b01011010;

delay_count <= delay_count + 1;

if (delay_count = 25)

begin

delay_count <= 0;

if (A2B = 1)

main_state <= state_AB_n_3;

if (A2B = 0)

main_state <= state_AB_n_1;

end
end

state_AB_n_3: begin // STATE AB Negative 3
Q <= 8’b00011000;

delay_count <= delay_count + 1;

if (delay_count = 25)

begin

delay_count <= 0;
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if (A2B = 1)

main_state <= state_B;

if (A2B = 0)

main_state <= state_AB_n_2;
end

end

endcase

end

end

endmodule



Appendix C

H-Bridge Module

This code is written in Verilog. It implements a H-Bridge with variable phase shift and

variable duty ratio or width of pulse.

module H_Bridge (
input clk,
input [25:0] counter,
input v_dir,
input [11:0] duty_ratio_count,
input [10:0] phase_shift_count ,
output reg [11:0] Q

) ;

/x H Bridge States x/

parameter hb_alloff = 1;
parameter hb_Vplus = 2;
parameter hb_Vminus = 3;
parameter hb_Vdzero = 4;
parameter hb_Vnzero = 0
parameter hb_AVd = 5;

parameter hb_BVd = 6;

)

parameter hb_AVn = 7;
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parameter hb_BVn = §;

/x Dead time x/
/% 20clks = 20ns = 400ns x/
parameter HB.DELAY COUNT = 20;

/x registers x/

reg [4:0] hb_state = 0;

reg [8:0] hb_delay_counter = 0;

reg [11:0] duty_count_sample = 1200;

reg v_dir_.s = 1;

always Q(posedge clk) begin

//if (counter == 2500)
// duty_count_sample <= duty_ratio_count;

/+x State Machine for H bridge x/
case (hb_state)
default:
begin
Q <= 127b000000000000;
hb_state <= hb_Vnzero;

end

hb_Vplus:
begin
Q <= 12’b000100000010;
if (duty_count_sample > phase_shift_count && counter = -,
~2500—duty_count_sample+phase_shift_count)
begin
if (v_dir.s = 1)
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hb_state <= hb_AVd;

else
hb_state <= hb_BVn;
end
if (duty_count_sample <= phase_shift_count && counter = -,

~phase_shift_count —duty_count_sample)
begin
if (v_dir.s = 1)
hb_state <= hb_AVd;

else
hb_state <= hb_BVn;
end
end
hb_Vminus:
begin
Q <= 12’b000001001000;
if (duty_count_sample > phase_shift_count && counter =—

~2500—duty_count_sample+phase_shift_count)
begin
if (v_odir.s = 1)

hb_state <= hb_AVn;

else
hb_state <= hb_BVd;
end
if (duty_count_sample <= phase_shift_count && counter =

~phase_shift _count —duty_count_sample)
begin
if (v_odir.s = 1)

hb_state <= hb_AVn;

else

hb_state <= hb_BVd;

end
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end

hb_Vdzero:

begin

Q <= 12’b000101000000; //Vd zero

if (counter = duty_count_sample+phase_shift_count)
begin

if (v_dir.s = 1)
hb_state <= hb_BVd;
else
hb_state <= hb_AVd;
end

end

hb_Vnzero:

begin
Q <= 12’b000000001010; //Vn zero

if (counter = 1)

begin

v_dir_s <= v_dir;

duty_count_sample <= duty_ratio_count;

end

if (counter = duty_count_sample+phase_shift_count)
begin
if (v_dir.s = 1)
hb_state <= hb_BVn;
else
hb_state <= hb_AVn;
end

end
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hb_AVd:

begin
Q <= 12’b000100000000; //A Vd
hb_delay_counter <= hb_delay_counter + 1;
if (hb_delay_counter = HBDELAY COUNT)
begin
hb_delay_counter <= 0;
if (v_dir_s 1)

hb_state <= hb_Vdzero;

else

hb_state <= hb_Vplus;
end

end

hb_BVd:

begin

Q <= 12’b000001000000; //B Vd
hb_delay_counter <= hb_delay_counter + 1;
if (hb_delay_counter = HBDELAY _COUNT)

begin

hb_delay_counter <= 0;

if (v_odir.s = 1)
hb_state <= hb_Vminus;
else

hb_state <= hb_Vdzero;

end

end

hb_AVn:

begin

Q <= 12’b000000001000; //A Vn
hb_delay_counter <= hb_delay_counter + 1;
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if (hb_delay_counter =— HBDELAY COUNT)
begin
hb_delay_counter <= 0;
if (v_odir.s = 1)

hb_state <= hb_Vnzero;

else

hb_state <= hb_Vminus;
end

end

hb_BVn:
begin
Q <= 12’b000000000010; //B Vn
hb_delay_counter <= hb_delay_counter + 1;
if (hb_delay_counter = HBDELAY COUNT)
begin
hb_delay_counter <= 0;
if (v_dir.s = 1)

hb_state <= hb_Vplus;

else

hb_state <= hb_Vnzero;

J/v_dir <= input_voltage_dir_clean;
end

end
endcase
// END OF STATE MACHINE
end

endmodule



Appendix D

Three Phase Matrix Converter
Module

This code is written in Verilog. It implements a three-phase to single-phase matrix
converter. The modulation presented in Chapter 5 and 6, is the modulation implemented

in the code below. It also has implemented four-step commutation.

module matrix_converter (

input clk,

input [25:0] counter

input [1:0] current_direction ,
input vab_pol, vbc_pol, vca_pol,
input fault ,

output reg [11:0] Q=0

)

/x Current Directions */
parameter POS CUR = 2’b10;
parameter UNK.CUR = 2’b00;
parameter NEG.CUR = 2’bl1;

/x Matriz Converter States x/

parameter state_all_off = 0;
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parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter
parameter

parameter

/x V_ab x/
parameter
parameter
parameter
parameter
parameter

parameter

parameter

state_Vab_plus =
state_Vab_minus =

state_Vbc_plus =

state_Vca_plus =

1
2
3
state_Vbc_minus = 4;
5
6

state_Vca_minus =

state_Vab_Vba_zero =
state_.Vab_Vbc_zero =
state_Vab_Vcb_zero =
state_.-Vba_Vbc_zero =
state_-Vba_Vcb_zero =
state_Vbc_Vcb_zero =
state_Vbc_Vca_zero =
state_Vbc_Vac_zero =
state_Vcb_Vca_zero =
state_Vcb_Vac_zero =
state_Vca_Vac_zero =
state_Vca_Vab_zero =
state_Vca_Vba_zero =
state_Vac_Vab_zero =

state_Vac_Vba_zero =

state_Vab_ba_p_1 =
state_Vab_ba_p_2 =
state_Vab_ba_p_3 =
state_Vab_ba_n_1 =
state_Vab_ba_n_2 =
state_Vab_ba_n_3 =

state_Vab_bc_p_.1 =

22;
23;
24;
25;
26;
27;

28;
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parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter
parameter
/x V_be x/
parameter
parameter
parameter
parameter

parameter

state_Vab_bc_p_2
state_Vab_bc_p_3
state_Vab_bc_n_1
state_Vab_bc_n_2
state_Vab_bc_n_3

state_Vab_cb_p_1
state_Vab_cb_p_2
state_Vab_cb_p_3
state_Vab_cb_n_1
state_Vab_cb_n_2
state_Vab_cb_n_3

state_Vba_bc_p_1
state_Vba_bc_p_2
state_Vba_bc_p_3
state_Vba_bc_n_1
state_Vba_bc_n_2
state_Vba_bc_n_3

state_Vba_cb_p_1
state_Vba_cb_p_2
state_Vba_cb_p_3
state_Vba_cb_n_1

state_Vba_cb_n_2 =
= 51;

state_Vba_cb_n_3

state_Vbc_cb_p_1

state_Vbc_cb_p_2 =
state_-Vbc_cb_p_3 =
state_Vbc_cb_n_1 =
= 56;

state_Vbc_cb_n_2

=29;
=30;
=31;
=32;
=33;

=34;
=35;
=36;
=37,
=38;
=39;

= 40;
= 41;
= 42;
= 43;
= 44;
= 45;

= 46;
= 47;
= 48;
= 49;

50;

= 52;

53;
54;
95;
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parameter

parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter

parameter

/x V_ca x/

state_Vbc_cb_n_3

state_Vbc_ca_p_1 =
state_-Vbc_ca_p_2 =
state_Vbc_ca_p_.3 =
state_-Vbc_ca_n_1 =
state_-Vbc_ca_n_2 =
state_-Vbc_ca_.n_3 =

state_Vbc_ac_p_1 =
state_Vbc_ac_p_2 =
state_-Vbc_ac_p_-3 =
state_Vbc_ac.n_1 =
state_-Vbc_ac_.n_2 =
state_Vbc_ac_.n_3 =

state_-Vcb_ca_p_1 =
state_Vcb_ca_p_2 =
state_Vcb_ca_p_3 =
state_-Vcb_ca_n_1 =
state_Vcb_ca_n_2 =
state_-Vcb_ca_n_3 =

state_Vcb_ac_p_1 =
state_-Vcb_ac_p_2 =
state_Vcb_ac_p_3 =
state_-Vcb_ac_.n_1 =
state_Vcb_ac_n_2 =
state_-Vcb_ac_.n_3 =

57;

98;
59;
60;
61;
62;
63;

64;
65;
66;
67;
68;
69;

70;
71;
72;
73;
74;
75;

76;
77
78;
79;
80;
81;
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parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter
parameter
parameter

parameter

parameter
parameter
parameter

parameter

state_Vca_ac_p_1 =
state_Vca_ac_p_2 =
state_Vca_ac_p_3 =
state_-Vca_ac_.n_1 =
state_Vca_ac_.n_2 =

state_Vca_ac_n_3 =

state_Vca_ab_p_1 =
state_Vca_ab_p_2 =
state_Vca_ab_p_3 =
state_Vca_ab_n_1 =
state_Vca_ab_n_2 =
state_Vca_ab_n_3 =

state_Vca_ba_p_1 =
state_Vca_ba_p_2 =
state_Vca_ba_p_3 =
state_Vca_ba_n_1 =
state_Vca_ba_n_2 =
state_Vca_ba_n_3 =

state_Vac_ab_p_1 =
state_Vac_ab_p_2 =
state_Vac_ab_p_3 =
state_Vac_ab_n_1 =
state_Vac_ab_n_2 =
state_Vac_ab_n_3 =

state_Vac_ba_p_1 =
state_-Vac_ba_p_2 =
state_Vac_ba_p_3 =
state_Vac_ba_n_1 =

82;
83;
84;
85;
86;
87;

88;
89;
90;
91;
92;
93;

94;
95;
96;
97;
98;
99;

100;
101;
102;
103;
104;
105;

106;
107;
108;
109;
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parameter state_Vac_ba_n_2 = 110;

parameter state_Vac_ba_-n_3 = 111;

parameter freq_c = 1649; // changed this because 0 adds -
—sanother

parameter DELAY COUNT = 10;

parameter DELAY_ COUNTO = 30;

parameter FLUX ADJ = 60; //60

/% Registers x/

reg [7:0] mc_state = 1;

reg [8:0] delay_counter = 0; /x 279 = 512 counts x/

reg tick = 0;

reg d = 1;

reg section = 0; // This variable holds wether in first or -

~second section of square wave.

always Q(posedge clk)

begin
if (counter = freq-c)
section <= “section;
end

always Q(posedge clk) begin

if (fault = 1)

begin

Q <= 12’b000000000000 ;
mc_state <= state_all_off;
end

else
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begin

case (mc_state)
default:
begin
Q <= 12’b000000000000 ;
end
state_all_off:
begin
Q <= 12’b000000000000 ;

end

state_Vab_plus: /x STATE V_ab x/
begin

Q <= 12’b110000001100;

if (counter = freq_c-FLUX ADJ && tick = 0 && section
~0)//only allows neg adjustment
begin

N

tick <= 1;

if (current_direction = POS.CUR)
mc_state <= state_Vab_ba_p_1;

else if (current_direction = NEG.CUR)
mc_state <= state_Vab_ba_n_1;
else

mc_state <= state_Vab_Vba_zero;
end

else if (counter freq.c && tick = 1 && section = 1)
begin

d <= vbc_pol;

tick <= 0;

if ( vbc_pol = 1)
begin
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if (current_direction = POS_.CUR)
mc_state <= state_Vab_bc_p_1;
else if (current_direction = NEG.CUR)
mc_state <= state_Vab_bc_.n_1;
else
mc_state <= state_Vab_Vbc_zero;
end

else
begin
if (current_direction = POS.CUR)
mc_state <= state_Vab_cb_p_1;
else if (current_direction = NEG.CUR)
mc_state <= state_Vab_cb_n_1;
else
mc_state <= state_Vab_Vcb_zero;
end
end

end

state_Vab_minus: /* STATE V_ba %/
begin
Q <= 12’b001100110000;
if (counter = freq_c —-FLUX ADJ && tick = 0 && section =
-0)
begin
tick <= 1;
if (current_direction == POS.CUR)
mc_state <= state_Vab_ba_p_3;
else if (current_direction = NEG.CUR)
mc_state <= state_Vab_ba_n_3;
else

mc_state <= state_Vab_Vba_zero;



end

else if (counter = freq_c && tick = 1 && section = 1)

begin
d <= vbc_pol;
tick <= 0;
if ( vbc.pol = 1)
begin
if (current_direction = POS.CUR)
mc_state <= state_Vba_bc_p_1;
else if (current_direction = NEG.CUR)
mc_state <= state_Vba_bc_n_1;
else
mc_state <= state_Vba_Vbc_zero;
end
else
begin
if (current_direction = POS.CUR)
mc_state <= state_Vba_cb_p_1;
else if (current_direction = NEG.CUR)
mc_state <= state_Vba_cb_n_1;
else
mc_state <= state_Vba_Vcb_zero;
end
end

end

state_Vbc_plus: /x STATE V_bc x/
begin
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Q <= 12’b001100000011;
if (counter = freq_c —FLUX ADJ && tick = 0 && section =— -,
~0)
begin
tick <= 1;
if (current_direction = POS_.CUR)
mc_state <= state_Vbc_cb_p_1;
else if (current_direction = NEG.CUR)
mc_state <= state_Vbc_cb_n_1;
else
mc_state <= state_Vbc_Vcb_zero;
end
else if (counter = freq_c && tick = 1 && section = 1)
begin
d <= vca_pol;
tick <= 0;
if ( vca_pol = 1)
begin
if (current_direction = POS.CUR)
mc_state <= state_Vbc_ca_p_1;
else if (current_direction = NEG.CUR)
mc_state <= state_Vbc_ca_n_1;
else
mc_state <= state_Vbc_Vca_zero;
end
else
begin
if (current_direction = POS_.CUR)
mc_state <= state_Vbc_ac_p_1;
else if (current_direction = NEG.CUR)
mc_state <= state_Vbc_ac.n_1;

else
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mc_state <= state_Vbc_Vac_zero;
end
end

end

state_Vbc_minus: /« STATE V_cb x/
begin
Q <= 12’b000011001100;
if (counter = freq_c —FLUX ADJ && tick = 0 && section =
-0)
begin
tick <= 1;
if (current_direction = POS_CUR)
mc_state <= state_Vbc_cb_p_3;
else if (current_direction = NEG.CUR)
mc_state <= state_Vbc_cb_n_3;
else
mc_state <= state_Vbc_Vcb_zero;
end
else if (counter = freq_c && tick = 1 && section = 1)
begin
d <= vca_pol;
tick <= 0;
if ( vca_pol = 1)
begin
if (current_direction = POS.CUR)
mc_state <= state_Vcb_ca_p_1;
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else if (current_direction = NEG.CUR)
mc_state <= state_Vcb_ca_n_1;

else

mc_state <= state_Vcb_Vca_zero;
end
else

begin
if (current_direction = POS_.CUR)

mc_state <= state_Vcb_ac_p_1;
else if (current_direction = NEG.CUR)

mc_state <= state_Vcb_ac.n_1;

else
mc_state <= state_Vcb_Vac_zero;

end
end

end

state_Vca_plus: /x STATE V_ca */

begin

Q <= 12’b000011110000;

if (counter = freq.-c —FLUX_ADJ && tick = 0 && section = 0)
begin

tick <= 1;

if (current_direction = POS_CUR)

mc_state <= state_Vca_ac_p_1;
else if (current_direction = NEG.CUR)

mc_state <= state_Vca_ac_n_1;

else



mc_state <= state_Vca_Vac_zero;

end
else if (counter = freq.c && tick = 1 && section = 1)
begin
d <= vab_pol;
tick <= 0;
if ( vab_pol = 1)
begin

if (current_direction == POS.CUR)
mc_state <= state_Vca_ab_p_1;

else if (current_direction = NEG.CUR)

mc_state <= state_Vca_ab_n_1;
else
mc_state <= state_Vca_Vab_zero;
end
else
begin
if (current_direction = POS.CUR)
mc_state <= state_Vca_ba_p_1;

else if (current_direction = NEG.CUR)

mc_state <= state_Vca_ba_n_1;

else

mc_state <= state_Vca_Vba_zero;
end
end

end

state_Vca_minus: /* STATE V_ac x/
begin
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Q <= 12’b110000000011;
if (counter = freq_c —-FLUX ADJ && tick = 0 && section == -\,
~0)
begin

tick <= 1;

if (current_direction = POS_.CUR)

mc._state <= state_Vca_ac_p_3;

else if (current_direction = NEG.CUR)

mc_state <= state_Vca_ac_.n_3;

else

mc_state <= state_Vca_Vac_zero;

end

else if (counter = freq_c && tick = 1 && section = 1)
begin

d <= vab_pol;

tick <= 0;

if ( vab_pol = 1)

begin

if (current_direction = POS.CUR)
mc_state <= state_Vac_ab_p_1;

else if (current_direction = NEG.CUR)
mc_state <= state_Vac_ab_n_1;

else
mc_state <= state_Vac_Vab_zero;

end

else

begin

if (current_direction = POS_CUR)
mc_state <= state_Vac_ba_p_1;

else if (current_direction = NEG.CUR)
mc_state <= state_Vac_ba_n_1;

else
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mc_state <= state_Vac_Vba_zero;

end
end

end

/% ZERO STATES x/

state_Vab_Vba_zero: /x STATE V_ab to V_ba all off x/
begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY COUNTO)
begin
delay_counter <= 0;
if (d=1)
mc_state <= state_Vab_minus;
else
mc_state <= state_Vab_plus;
end
end
state_Vab_Vbc_zero: /x STATE V_ab to V_bc all off x/
begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY COUNTO)
begin
delay_counter <= 0;

mc_state <= state_Vbc_plus;
end



end

state_Vab_Vcb_zero: /«x STATE V_ab to V_cb all

begin
Q <= 127b000000000000 ;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY_.COUNTO)
begin

delay_counter <= 0;

mc_state <= state_Vbc_minus;

end

end

state_Vba_Vbc_zero: /x STATE V_ba to V_bc all

begin
Q <= 127b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY_.COUNTO)
begin
delay_counter <= 0;
mc_state <= state_Vbc_plus;
end

end

state_Vba_Vcb_zero: /x STATE V_ba to V_cb all

begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY_.COUNTO)
begin
delay_counter <= 0;
mc_state <= state_Vbc_minus;
end

end

off =/

off =/

off =/

state_Vbc_Vcb_zero: /« STATE V_bc to V_cb all off x/
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begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY_.COUNTO)
begin
delay_counter <= 0;
if (d=1)
mc_state <= state_Vbc_minus;
else
mc_state <= state_Vbc_plus;
end
end
state_Vbc_Vca_zero: /x STATE V_bc to V_ca all off x/
begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY_.COUNTO)
begin
delay_counter <= 0;
mc_state <= state_Vca_plus;
end
end
state_Vbc_Vac_zero: /x STATE V_bc to V_ac all off x/
begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter == DELAY_.COUNTO)
begin
delay_counter <= 0;
mc_state <= state_Vca_minus;
end

end
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state_Vcb_Vca_zero: /« STATE V_cb to V_ca all off x/
begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY COUNTO)
begin
delay_counter <= 0;
mc_state <= state_Vca_plus;
end
end
state_Vcb_Vac_zero: /« STATE V_cb to V_ac all off x/
begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY COUNTO)
begin
delay_counter <= 0;
mc_state <= state_Vca_minus;
end
end
state_Vca_Vac_zero: /« STATE V_ca to V_ac all off x/
begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY_.COUNTO)
begin
delay_counter <= 0;
if (d=1)
mc_state <= state_Vca_minus;
else
mc_state <= state_Vca_plus;

end



end

state_Vca_Vab_zero: /x STATE V_ca to V_ab all

begin
Q <= 12’b000000000000 ;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY_.COUNTO)
begin

delay_counter <= 0;

mc_state <= state_Vab_plus;

end

end

state_Vca_Vba_zero: /x STATE V_ca to V_ba all

begin
Q <= 127b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY_.COUNTO)
begin
delay_counter <= 0;
mc_state <= state_Vab_minus;
end

end

state_Vac_Vab_zero: /x STATE V_ac to V_ab all

begin
Q <= 12’b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY_.COUNTO)
begin
delay_counter <= 0;
mc_state <= state_Vab_plus;
end

end

off =/

off =/

off =/

state_Vac_Vba_zero: /x STATE V_ac to V_ba all off x/
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begin

Q <= 127b000000000000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY_.COUNTO)
begin

delay_counter <= 0;

mc_state <= state_Vab_minus;

end
end
/% */
/% Vab state transitions x/
/% */

/+x Vab plus to Vab minus state transitions x/

state_Vab_ba_p_1: /x STATE V_ab to Vba Pos Cur Transition 1 ~
%/

begin

Q <= 12’b100000000100;
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin
delay_counter <= 0;
if (d 1)
mc_state <= state_Vab_ba_p_2;
else

mc_state <= state_Vab_plus;
end

end
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state_Vab_ba_p_2: /« STATE V_ab to Vba Pos Cur Transition 2 -

%/

begin

Q <= 12’b101000010100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)

begin
delay_counter <= 0;
if (d 1)
mc_state <= state_Vab_ba_p_3;
else

mc_state <= state_Vab_ba_p_1;
end

end

state_Vab_ba_p_3: /x STATE V_ab to Vba Pos Cur Transition 3 -
S/

begin

Q <= 12’b001000010000;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin
delay_counter <= 0;
if (d 1)
mc_state <= state_Vab_minus;
else

mc_state <= state_Vab_ba_p_2;
end

end

state_Vab_ba_n_1: /« STATE V_ab to Vba Neg Cur Transition 1 ~
~>>k/

begin
Q <= 12’b010000001000 ;
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delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin
delay_counter <= 0;
if (d=1)
mc_state <= state_Vab_ba_n_2;
else

mc_state <= state_Vab_plus;
end

end

state_-Vab_ba_n_2: /« STATE V_ab to Vba Neg Cur Transition 2 -
—x/

begin

Q <= 12’b010100101000;
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin
delay_counter <= 0;
if (d=1)
mc_state <= state_Vab_ba_n_3;
else

mc_state <= state_Vab_ba_n_1;
end

end

state_-Vab_ba_n_3: /« STATE V_ab to Vba Neg Cur Transition 3 -
%/
begin
Q <= 12’b000100100000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;
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if (d=1)
mc_state <= state_Vab_minus;
else
mc_state <= state_Vab_ba_n_2;
end

end

/+x NEW TRANSITIONS x/
state_Vab_bc_p_1:
begin
Q <= 12’b100000000100 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_bc_p_2;
end
end
state_Vab_bc_p_2:
begin
Q<= 12’b101000000101 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_bc_p_3;
end
end
state_Vab_bc_p_3:
begin
Q <= 12’b001000000001 ;

delay_counter <= delay_counter + 1;
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if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vbc_plus;
end
end

state_Vab_bc_n_1:
begin
Q <= 12’b010000001000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_bc_n_2;
end
end
state_Vab_bc_n_2:
begin
Q <= 12’b010100001010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY .COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_bc_n_3;
end
end
state_Vab_bc_n_3:
begin
Q <= 12’b000100000010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
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delay_counter <= 0;

mc_state <= state_Vbc_plus;
end

end

state_Vab_cb_p_1:
begin
Q <= 12’b100000001100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_cb_p_2;
end
end
state_Vab_cb_p_2:
begin
Q <= 12’b100010001100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_-Vab_cb_p_3;
end
end
state_Vab_cb_p_3:
begin
Q <= 12’b000001001100;
delay_counter <= delay_counter + 1;

if (delay_counter == DELAY.COUNT)
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begin
delay_counter <= 0;
mc_state <= state_Vbc_minus;
end
end
state_Vab_cb_n_1:
begin
Q <= 12’b010000001100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY .COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_cb_n_2;
end
end
state_Vab_cb_n_2:
begin
Q <= 12’b010001001100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_cb_n_3;
end
end
state_Vab_cb_n_3:
begin
Q <= 12’b000001001100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
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mc_state <= state_Vbc_minus;

end

end

/x Vab minus to Vbc plus state transitions x/

state_Vba_bc_p_1: /« STATE V_ba to Vbc Pos Cur Transition 1 ~
~x/
begin
Q <= 12’b001100010000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vba_bc_p_2;
end

end

state_Vba_bc_p_2: /x STATE V_ba to Vbc Pos Cur Transition 2 ~
%/
begin
Q <= 12’b001100010001 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vba_bc_p_3;
end

end

state_-Vba_bc_p_3: /x STATE V_ba to Vbc Pos Cur Transition 3
—>>I</
begin
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Q <= 12’b001100000001 ;

delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

mc_state <= state_Vbc_plus;

end

end

state_Vba_bc.n_1: /« STATE V_ba to Vbec Neg Cur Transition 1 ~
—x/
begin
Q <= 12’b001100100000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vba_bc_.n_2;
end

end

state_-Vba_bc_.n_2: /x STATE V_ba to Vbc Neg Cur Transition 2 -
%/
begin
Q <= 12’b001100100010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vba_bc_n_3;
end

end

state_Vba_bc.n_3: /x« STATE V_ba to Vbc Neg Cur Transition 3 ~
H*/
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begin

Q <= 12’b001100000010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

mc_state <= state_Vbc_plus;

end

end

/* Vab minus to Vbc minus state transitions x/

state_Vba_cb_p_1: /« STATE V_ba to Vecb Pos Cur Transition 1 ~
—x/
begin
Q <= 12’b001000010000 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vba_cb_p_2;
end

end

state_-Vba_cb_p_2: /x STATE V_ba to Vcb Pos Cur Transition 2 -
%/
begin
Q <= 12’b001010010100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;
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mc_state <= state_Vba_cb_p_3;

end

end

state_-Vba_cb_p_3: /x STATE V_ba to Vcb Pos Cur Transition 3 -
%/
begin
Q <= 12’b000010000100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vbc_minus;
end

end

state_Vba_cb_n_1: /« STATE V_ba to Vecb Neg Cur Transition 1 -
S/
begin
Q <= 12°b000100100000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vba_cb_n_2;
end

end

state_Vba_cb_n_2: /« STATE V_ba to Vecb Neg Cur Transition 2 ~
—x/

begin

Q <= 12’b000101101000;
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin
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delay_counter <= 0;

mc_state <= state_Vba_cb_n_3;

end

end

state_Vba_cb_n_3: /« STATE V_ba to Vecb Neg Cur Transition 3 ~
S/
begin
Q <= 12’b000001001000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;

mc_state <= state_Vbc_minus;

end

end

/x Vbc plus to Vbc minus state transitions x/

state_Vbec_cb_p_1: /« STATE V_bc to Veb Pos Cur Transition 1 ~
—x/
begin
Q <= 12’b001000000001 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
if (d=1)
mc_state <= state_Vbc_cb_p_-2;

else

mc_state <= state_Vbc_plus;
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end

end

state_Vbec_cb_p_2: /« STATE V_bc to Veb Pos Cur
H*/

begin

Transition 2 -

Q <= 12’b001010000101 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

if (d=1)

mc_state <= state_Vbc_cb_p_3;
else

mc_state <= state_Vbc_cb_p_1;
end

end

state_-Vbc_cb_p_3: /x STATE V_bc to Vcb Pos Cur Transition 3
—»*/

begin
Q <= 12’b000010000100;
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

if (d=1)

mc_state <= state_Vbc_minus;
else

mc_state <= state_Vbc_cb_p_2;
end

end

state_Vbc_cb_n_1: /« STATE V_bc to Vecb Neg Cur Transition 1 ~
H*/
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begin

Q <= 127b000100000010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)

begin
delay_counter <= 0;
if (d=1)

mc_state <= state_Vbc_cb_n_2;

else
mc_state <= state_Vbc_plus;
end

end
state_Vbc_cb_n_2: /« STATE V_bc to Veb Neg Cur Transition 2 -

%/

begin

Q <= 12’b000101001010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)

begin
delay_counter <= 0;
if (d=1)

mc_state <= state_Vbc_cb_n_3;

else
mc_state <= state_Vbc_cb_n_1;
end

end
state_Vbc_cb_n_3: /x STATE V_bc to Vcb Neg Cur Transition 3 -

%/

begin

Q <= 12’b000001001000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
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begin

delay_counter <= 0;

if (d=1)

mc_state <= state_Vbc_minus;
else

mc_state <= state_Vbc_cb_n_2;
end

end

/+* Vbe plus to Vea plus state transitions x/

state_-Vbc_ca_p_-1: /« STATE V_bc to Vca Pos Cur Transition 1 -
%/
begin
Q <= 12’b001000000001 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vbc_ca_p-2;
end

end

state_Vbc_ca_p_2: /x STATE V_bc to Vca Pos Cur Transition 2 -
%/
begin
Q <= 12’b001010010001 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY .COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vbc_ca_p_3;

end
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end

state_Vbc_ca_p_3: /x STATE V_bc to Vca Pos Cur Transition 3 -
%/
begin
Q <= 12’b000010000001 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vca_plus;
end

end

state_Vbc_ca_n_1: /« STATE V_bc to Vca Neg Cur Transition 1 ~
%/
begin
Q <= 12’b000100000010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vbc_ca_n_2;
end

end

state_Vbc_ca_n_2: /x STATE V_bc to Vca Neg Cur Transition 2 ~
—x/
begin
Q <= 12’b000101100010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;

mc_state <= state_Vbc_ca_n_3;
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end

end

state_Vbc_ca_n_3: /x STATE V_bc to Vca Neg Cur Transition 3 ~
—x/
begin
Q <= 12’b000001100000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;

mc_state <= state_Vca_plus;

end
end
/* */
/x Vbc plus to Vea minus state transitions x/
/* */

state_Vbc_ac_p_1: /« STATE V_bc to Vac Pos Cur Transition 1 ~
%/
begin
Q <= 12’b001000000011 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vbc_ac_p_2;
end

end

state_Vbc_ac_p_2: /x STATE V_bc to Vac Pos Cur Transition 2 ~
~>>k/
begin

Q <= 12’b101000000011 ;
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delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

mc_state <= state_Vbc_ac_p_3;
end

end

state_Vbc_ac_p_3: /x STATE V_bc to Vac Pos Cur Transition 3 ~
~x/
begin
Q <= 12’b100000000011;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vca_minus;
end

end

state_Vbc_ac_n_1: /« STATE V_bc to Vac Neg Cur Transition 1 ~
%/
begin
Q <= 12’b000100000011;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vbc_ac_.n_2;
end

end

state_Vbc_ac_n_2: /x STATE V_bc to Vac Neg Cur Transition 2 -
—>>I</
begin
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Q <= 12’b010100000011 ;

delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

mc_state <= state_Vbc_ac_.n_3;

end

end

state_-Vbc_ac.n_3: /« STATE V_bc to Vac Neg Cur Transition 3 ~
—x/
begin
Q <= 12’b010000000011 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vca_minus;
end

end

/x Vbc minus to Vea plus state transitions x/

state_Vcb_ca_p_1: /« STATE V_cb to Vca Pos Cur Transition 1 ~
%/
begin
Q <= 12’b000011000100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY .COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vcb_ca_p_2;

end
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end

state_Vcb_ca_p_2: /x STATE V_cb to Vca Pos Cur Transition 2 -
%/
begin
Q <= 12’b000011010100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vcb_ca_p_3;
end

end

state_Vcb_ca_p_3: /« STATE V_cb to Vca Pos Cur Transition 3 ~
%/
begin
Q <= 12’b000011010000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vca_plus;
end

end

state_Vcb_ca_n_1: /x STATE V_cb to Vca Neg Cur Transition 1 ~
—x/
begin
Q <= 12’b000011001000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;

mc_state <= state_Vcb_ca_.n_2;
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end

end

state_Vcb_ca.n_2: /« STATE V_cb to Vca Neg Cur
—x/

begin

Q <= 12’b000011101000;
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin

Transition 2 -~

delay_counter <= 0;
mc_state <= state_Vcb_ca_n_3;
end

end

state_Vcb_ca_n_3: /x STATE V_cb to Vca Neg Cur Transition 3 -
—x/
begin
Q <= 12’b000011100000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;

mc_state <= state_Vca_plus;

end

end
/x Vbc minus to Vea minus state transitions x/

state_Vcb_ac_p_1: /« STATE V_cb to Vac Pos Cur Transition 1 ~
S/

begin

Q <= 12’b000010000100;

delay_counter <= delay_counter + 1;
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if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vcb_ac_p_2;
end

end

state_Vcb_ac_p_2: /x STATE V_cb to Vac Pos Cur Transition 2 -
%/
begin
Q <= 12’b100010000101 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vcb_ac_p_3;
end

end

state_Vcb_ac_p_3: /« STATE V_cb to Vac Pos Cur Transition 3 -
%/
begin
Q <= 12’b100000000001 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vca_minus;
end

end

state_Vcb_ac_.n_1: /« STATE V_cb to Vac Neg Cur Transition 1 ~
~>>k/
begin

Q <= 12’b000001001000;
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delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

mc_state <= state_Vcb_ac.n_2;
end

end

state_Vcb_ac.n_2: /x« STATE V_cb to Vac Neg Cur Transition 2 ~
~x/
begin
Q <= 12’b010001001010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vcb_ac_.n_3;
end

end

state_Vcb_ac_.n_3: /x STATE V_cb to Vac Neg Cur Transition 3 ~
%/
begin
Q <= 12’b010000000010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;

mc_state <= state_Vca_minus;
end

end

//NEEDS DIRECTIONAL LOGIC

/x Veca plus to Vea minus state transitions x/
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state_Vca_ac_p_-1: /« STATE V_ca to Vac Pos Cur Transition 1 ~
—>>I</

begin
Q <= 12’b000010010000;
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin

delay_counter <= 0;

if (d 1)

mc_state <= state_Vca_ac_p_-2;
else

mc_state <= state_Vca_plus;
end

end

state_Vca_ac_p_2: /« STATE V_ca to Vac Pos Cur Transition 2 ~
~>>k/

begin
Q <= 12’b100010010001 ;
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin

delay_counter <= 0;

if (d 1)

mc_state <= state_Vca_ac_p_3;
else

mc_state <= state_Vca_ac_p_1;

end

end

state_Vca_ac_p_3: /x STATE V_ca to Vac Pos Cur Transition 3 -
—>>I</

begin
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Q <= 12’b100000000001 ;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin

delay_counter <= 0;

if (d 1)

mc_state <= state_Vca_minus;
else

mc_state <= state_Vca_ac_p_2;
end

end

state_-Vca_ac_n_1: /« STATE V_ca to Vac Neg Cur Transition 1 -
—>>I</

begin
Q <= 12’b000001100000;
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

if (d=1)

mc_state <= state_Vca_ac_n_2;
else

mc_state <= state_Vca_plus;
end

end

state_Vca_ac.n_2: /x STATE V_ca to Vac Neg Cur Transition 2 -
—x/

begin

Q <= 12’b010001100010;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin
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delay_counter <= 0;

if (d=1)

mc_state <= state_Vca_ac_.n_3;
else

mc_state <= state_Vca_ac_.n_1;
end

end

state_Vca_ac.n_3: /x STATE V_ca to Vac Neg Cur Transition 3 ~
~x/

begin

Q <= 12’b010000000010;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

if (d=1)

mc_state <= state_Vca_minus;

else

mc_state <= state_Vca_ac_n_2;
end

end

/% Vea plus to Vab plus state transitions x/

state_Vca_ab_p_1: /« STATE V_ca to Vab Pos Cur Transition 1 ~
—x/

begin

Q <= 12’b000010010000;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin
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delay_counter <= 0;

mc_state <= state_Vca_ab_p_2;
end

end

state_Vca_ab_p_2: /« STATE V_ca to Vab Pos Cur Transition 2 -
S/
begin
Q <= 12’b100010010100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vca_ab_p_3;
end

end

state_Vca_ab_p_3: /« STATE V_ca to Vab Pos Cur Transition 3 ~
—x/
begin
Q <= 12’b100000000100;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_plus;
end

end

state_Vca_ab_n_1: /« STATE V_ca to Vab Neg Cur Transition 1 ~
%/

begin

Q <= 12’b000001100000;
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
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begin

delay_counter <= 0;
mc_state <= state_Vca_ab_n_2;
end

end

state_Vca_ab_n_2: /x STATE V_ca to Vab Neg Cur Transition 2 ~
%/
begin
Q <= 127b010001101000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vca_ab_n_3;
end

end

state_-Vca_ab_n_3: /x STATE V_ca to Vab Neg Cur Transition 3
%/
begin
Q <= 12’b010000001000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_plus;
end

end
/x Veca plus to Vab minus state transitions x/

state_Vca_ba_p_1: /« STATE V_ca to Vba Pos Cur Transition 1 ~
H*/
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begin

Q <= 12’b000010110000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

mc_state <= state_Vca_ba_p_2;

end

end

state_Vca_ba_p_2: /« STATE V_ca to Vba Pos Cur Transition 2 -
S/
begin
Q <= 12’b001010110000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY .COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vca_ba_p_3;
end

end

state_Vca_ba_p_3: /* STATE V_ca to Vba Pos Cur Transition 3 ~
—x/
begin
Q <= 12’b001000110000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_minus;
end

end
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state_Vca_ba_n_1: /+x STATE V_ca to Vba Neg Cur Transition 1 ~

%/
begin

Q <= 12’b000001110000;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin

delay_counter <= 0;

mc_state <= state_Vca_ba_n_2;

end

end

state_-Vca_ba_n_2: /x STATE V_ca to Vba Neg Cur Transition 2 -
%/
begin
Q <= 12’b000101110000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vca_ba_n_3;
end

end

state_Vca_ba_n_3: /« STATE V_ca to Vba Neg Cur Transition 3 ~
%/
begin
Q <= 12’b000100110000;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY .COUNT)
begin
delay_counter <= 0;

mc_state <= state_Vab_minus;

end
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end

/x Vca minus to Vab plus state transitions x/

state_Vac_ab_p_1: /«x STATE V_ac to Vab Pos Cur Transition 1 ~
%/
begin
Q <= 127b110000000001 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vac_ab_p_2;
end

end

state_Vac_ab_p_2: /x STATE V_ac to Vab Pos Cur Transition 2 -
%/
begin
Q <= 12’b110000000101 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vac_ab_p_3;
end

end

state_Vac_ab_p_3: /« STATE V_ac to Vab Pos Cur Transition 3 ~
S/

begin

Q <= 12’b110000000100;

delay_counter <= delay_counter + 1;
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if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vab_plus;
end

end

state_Vac_ab_n_1: /« STATE V_ac to Vab Neg Cur Transition 1 -
%/
begin
Q<= 12’b110000000010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vac_ab_n_2;
end

end

state_Vac_ab_n_2: /« STATE V_ac to Vab Neg Cur Transition 2 -
%/
begin
Q <= 12’b110000001010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vac_ab_n_3;
end

end

state_Vac_ab_n_3: /x STATE V_ac to Vab Neg Cur Transition 3 ~
~>>k/
begin

Q <= 12’b110000001000;



178
delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)
begin

delay_counter <= 0;

mc_state <= state_Vab_plus;

end

end

/x Veca minus to Vab minus state transitions x/

state_Vac_ba_p_1: /« STATE V_ac to Vba Pos Cur Transition 1 ~
S/
begin
Q <= 12’b100000000001 ;
delay_counter <= delay_counter + 1;
if (delay_counter == DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vac_ba_p_2;
end

end

state_Vac_ba_p_2: /x+ STATE V_ac to Vba Pos Cur Transition 2 -
—x/
begin
Q <= 12’b101000010001 ;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vac_ba_p_3;
end

end
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state_Vac_ba_p_3: /« STATE V_ac to Vba Pos Cur Transition 3 ~

%/
begin

Q <= 12’b001000010000 ;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin

delay_counter <= 0;

mc_state <= state_Vab_minus;

end

end

state_Vac_ba_n_1: /« STATE V_ac to Vba Neg Cur Transition 1 -
%/
begin
Q <= 12’b010000000010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY.COUNT)
begin
delay_counter <= 0;
mc_state <= state_Vac_ba_n_2;
end

end

state_Vac_ba_n_2: /« STATE V_ac to Vba Neg Cur Transition 2 -
%/
begin
Q <= 12’b010100100010;
delay_counter <= delay_counter + 1;
if (delay_counter = DELAY .COUNT)
begin
delay_counter <= 0;

mc_state <= state_Vac_ba_n_3;

end



180

end
state_-Vac_ba_n_3: /x STATE V_ac to Vba Neg Cur Transition 3

%/
begin

Q <= 12’b000100100000;

delay_counter <= delay_counter + 1;

if (delay_counter = DELAY.COUNT)

begin

delay_counter <= 0;

mc_state <= state_Vab_minus;

end
end

endcase

end // End of the if statement

end

endmodule



Appendix E

H-Bridge Module

This module is implemented in Verilog and creates the switching signals for the H-bridge,

given the three duty ratios and the phase shift presented in Chapter 5.

module H _Bridge v3(

input clk,

input signed [25:0] counter,

input signed [11:0] vab_duty_ratio_count_in ,
input signed [11:0] vbc_duty.ratio_count_in ,
input signed [11:0] vca_duty_ratio_count_in ,
input signed [10:0] phase_shift_count ,

input fault ,

output reg [11:0] Q =0
)

/+« H Bridge States x/
parameter hb_alloff = 1;
parameter hb_Vplus = 2;
parameter hb_Vminus = 3;
parameter hb_Vdzero = 4;
parameter hb_Vnzero = 0
parameter hb_AVd = 5;

parameter hb_BVd = 6;

9
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parameter hb_AVn = 7
parameter hb_BVn = 8§;

/* Fized Parameters x/

parameter HBDELAY COUNT = 20; /x Dead time x//x 20clks x 20ns-
~ = 400ns x/

parameter OPFREQ = 1650;

/* registers x/

reg [4:0] hb_state = 0;

reg [8:0] hb_delay_counter = 0;

reg signed [15:0] transl=-—1,trans2=—1,trans3=—1,trans4d=—1,\
~stransl=—1,transr = —1, trans_nextframe =-1;

reg signed [11:0] vab_duty_ratio_count = 0,

svbc_duty_ratio_count = 0,vca_duty_ratio_count = 0;

reg [1:0] section = 1;
reg update= 1;
reg start_bit = 1;

/x These are the saturation blocks for the duty ratios, make ~
~sure the wvalues are nice x/

always @Q(vab_duty_ratio_count_in)

begin

if (vab_duty_ratio_count_in > 800)
vab_duty_ratio_count <= 800;

else if (vab_duty_ratio_count_in < 20)
vab_duty_ratio_count <= 20;

else
vab_duty_ratio_count <= vab_duty_ratio_count_in;

end

always @Q(vbc_duty_ratio_count_in)
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if (vbe_duty_ratio_count_in > 800)
vbe_duty_ratio_count <= 800;
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else if (vbc_duty_ratio_count_in < 20)

vbec_duty_ratio_count <=
else
vbe_duty_ratio_count <=

end

always @Q(vca_duty_ratio_count_in)

begin

if (vca_duty_ratio_count_in > 800)
vca_duty_ratio_count <= 800;

vbc_duty_ratio_count_in;

else if (vca_duty_ratio_count_in < 20)

vca_duty_ratio_count <= 20;

else

vca_duty_ratio_count <= vca_duty_ratio_count_in;

end

/+* Generates the frame transistions,

%/

always Q(posedge clk)

begin

if (start_bit = 1)
begin
transl <=800;
trans2 <=900;
trans3d <=2450;
trans4 <=2550;
end

else begin

if (counter = 2xOP_FREQ)
begin

updates section counter -~
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transl <= trans_nextframe;

if (section = 3) /x All calculations done for the Vab frame-
A
begin
/x Sets wvalue for next frame transition , this only happens ~
—when we overlap to the right */
if (phase_shift_count > vab_duty_ratio_count)
trans_nextframe <= phase_shift_count —
svab_duty_ratio_count;
else
trans_nextframe <= —1;
/% Determines if there is a extra transition in this frame,~
—~ happens when overlap to the left */
if (phase_shift_count + vbc_duty_ratio_count <= 0)
transr <= 2xOPFREQ + phase_shift_count + -
svbc_duty_ratio_count;
else
transr <= —1;
/x Calculates all transistions for this frame x/
transl <= vab_duty_ratio_count 4+ phase_shift_count;
trans2 <= OPFREQ — vab_duty_ratio_count + -
~phase_shift_count;
trans3 <= OPFREQ + vab_duty_ratio_count + -
sphase_shift_count ;
trans4 <= (OPFREQx2) — vab_duty_ratio_count + -
sphase_shift _count ;

end
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if (section = 1) /x All calculations done for the Vbc framex
A
begin
/x Sets wvalue for next frame transition , this only happens ~
—when we overlap to the right */
if (phase_shift_count > vbc_duty_ratio_count)
trans_nextframe <= phase_shift_count —
svbc_duty_ratio_count;
else
trans_nextframe <= —1;
/% Determines if there is a extra transition in this frame,~
—~ happens when overlap to the left x/
if (phase_shift_count + vca_duty_ratio_count <= 0)
transr <= 2+*OPFREQ + phase_shift_count +
svca_duty_ratio_count ;
else
transr <= —1;
/x Calculates all transistions for this frame x/
transl <= vbc_duty_ratio_count 4+ phase_shift_count;
trans2 <= OPFREQ — vbc_duty_ratio_count +
~»phase_shift_count;
trans3 <= OPFREQ + vbc_duty_ratio_count + -
sphase_shift_count;
trans4d <= (OPFREQ%2) — vbc_duty_ratio_count + -
sphase_shift _count ;
end
if (section = 2) /x All calculations done for the Veca frame-
A
begin
/x Sets wvalue for next frame transition , this only happens ~
~when we overlap to the right */

if (phase_shift_count > vca_duty_ratio_count)
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trans_nextframe <= phase_shift_count — -
svca_duty_ratio_count;

else

trans_nextframe <= —1;

/x Determines if there is a extra transition in this frame, -~
—~ happens when overlap to the left x/

if (phase_shift_count + vab_duty.ratio_count <= 0)

transr <= 2xOPFREQ + phase_shift_count + -
~»vab_duty_ratio_count;

else

transr <= —1;

/x Calculates all transistions for this frame x/

transl <= vca_duty_ratio_count 4+ phase_shift_count;

trans2 <= OPFREQ — vca_duty_ratio_count + -
~phase_shift_count ;

trans3 <= OPFREQ + vca_duty_ratio_count + -
sphase_shift_count;

trans4d <= (OPFREQx2) — vca_duty_ratio_count + -
sphase_shift _count ;

end

end

/+* This code just updates the frame/section number x/
if (counter = OPFREQx*2)

begin

if (section = 3)

section <= 1;

else

section <= section + 1;

end
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end
end //end always block
/x State Logic x/

always Q(posedge clk)

begin

if (fault = 1)

hb_state <= hb_alloff;
else if (start_bit = 1)
begin

start_bit <= 0;
hb_state <= hb_Vnzero;
end
else

begin

case (hb_state)
default:

begin

hb_state <= hb_Vnzero;

end

hb_Vminus:
begin

if (counter = transl) /x This catches an transition that ~
~came from last frame x/

begin

hb_state <=hb_AVn;

end

else if (counter = trans4)
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begin
hb_state <=hb_AVn;
end

end

hb_Vnzero:
begin
if (counter = transl)
begin
hb_state <=hb_BVn;
end
else if (counter = transr) /« This catches an transition -
~that is from the next frame x/
begin
hb_state <=hb_BVn;
end
else if (counter > transl && counter < 1650 ) /+x This is ~
s for the duty decreasing glitch where transition -~
~happens in one frame moves in the next x/
begin
hb_state <=hb_BVn;
end

end

hb_Vplus:

begin

if (counter = trans2)
begin
hb_state <=hb_AVd;
end

end
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hb_Vdzero:

begin

if (counter = trans3)
begin

hb_state <=hb_BVd;
end

end

hb_AVd:
begin
hb_delay_counter <= hb_delay_counter + 1;

if (hb_delay_counter = HBDELAY COUNT)
begin

hb_delay_counter <= 0;
hb_state <= hb_Vdzero;

end

end

hb_BVd:
begin
hb_delay_counter <= hb_delay_counter + 1;

if (hb_delay_counter = HBDELAY COUNT)
begin

hb_delay_counter <= 0;

hb_state <= hb_Vminus;

end

end

hb_AVn:

begin

hb_delay_counter <= hb_delay_counter + 1;
if (hb_delay_counter = HBDELAY COUNT)
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begin
hb_delay_counter <= 0;
hb_state <= hb_Vnzero;
end

end

hb_BVn:

begin

hb_delay_counter <= hb_delay_counter + 1;
if (hb_delay_counter = HBDELAY COUNT)
begin

hb_delay_counter <= 0;

hb_state <= hb_Vplus;

end

end

endcase /xend case statement x/

end /xend ifx/
end /xalwaysx/

/+x State Machine for H bridge x/
/x Output Logic x/

always Q(posedge clk) begin

if (fault = 1)

begin

Q <= 12’b000000000000 ;
end

else



begin

case (hb_state)
default:

begin

Q <= 12’b000000000000 ;

end

hb_alloff:
begin
Q <= 12’b000000000000 ;

end

hb_Vplus:
begin
Q <= 12’b000100000010;

end

hb_Vminus:
begin
Q <= 12’b000001001000;

end

hb_Vdzero:
begin

Q <= 12’b000101000000; //Vd zero

end

hb_Vnzero:
begin

Q <= 12’b000000001010; //Vn zero

end
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hb_AVd:
begin
Q <= 12’b000100000000; //A Vd

end

hb_BVd:
begin
Q <= 12’b000001000000; //B Vd

end

hb_AVn:
begin
Q <= 12’b000000001000; //A Vn

end

hb_BVn:
begin
Q <= 12’b000000000010; //B Vn

end

endcase// END OF STATE MACHINE
end // END of if for fault

end // End of always state machine

endmodule



