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Abstract— Finite Control Set Model Predictive Control (FCS-
MPC) offers many advantages over more traditional control
techniques, such as the ability to avoid cascaded control loops,
easy inclusion of constraint and fast transient response of the
control system. This control scheme has been recently applied to
several power conversion systems, such as two, three or more
level converters, Matrix converters, etc. Unfortunately, because
of the lack of presence of a modulation strategy, this approach
produces spread spectrum harmonics which are difficult to
filter effectively. This may results in a degraded power quality
when compared to more traditional control schemes.
Furthermore, high switching frequencies may be needed,
considering the limited number of switching states in the
converter. This paper presents a novel multi-objective
Modulated predictive control strategy, which preserves the
desired characteristics of FCS-MPC but produces superior
waveform quality. The proposed method is validated by
experimental tests on a seven level Cascaded H-Bridge Back-To-
Back converter and compared to a classic MPC scheme.

I. INTRODUCTION

Model Predictive Control (MPC) has been widely
proposed as a promising solution for the control of power
converters. In fact it presents several advantages, such as fast
dynamic response, absence of a modulation scheme, the
possibility of incorporating nested control loops in only one
loop and flexibility to include other system requirements in
the controller algorithm [1]-[4]. MPC considers a model of
the system in order to predict its future behaviour over a time
horizon. Based on this model, MPC solves an optimization
problem where a sequence of future actuations is obtained by
minimizing a cost function, which represents the desired
behaviour of the system. The best performing converter state
is then applied and all the calculations are repeated every
sample period. Several approaches are possible to implement
a Model Predictive Control on a modern power electronic
converter, such as Continuous Control Set Model Predictive
Control (CCS-MPC), which iteratively calculate the
minimum value of the selected cost function [5], or Explicit
MPC, which analytically solve the cost function minimization
problem [6]-[8]. Both these approaches take advantage of a
suitable modulation technique to apply the desired voltage
demand to the converter. However, since power converters are
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systems with a finite number of states, the MPC optimization
problem can be simplified and reduced to the prediction of the
behaviour of the system for each possible state [2]. The latter
approach, called Finite Control Set Model Predictive Control
(FCS-MPC), has been successfully applied for the current
control in three-phase inverters [4], Cascaded H-Bridge
Converters (CHBs) [9] and Matrix converters [10], as well as
power control in an active front end rectifier [11], and torque
and flux control of an induction machine [12], [13]. However,
the lack of a modulator is, unfortunately, also one of the main
drawbacks of FCS-MPC considering that the control can
choose only from a limited amount of converter states. This
usually results in a variable switching frequency, between
zero and the sampling frequency, dependant from system
parameters and load conditions. Moreover, FCS-MPC is
forced to produce pulses with a width multiple of the sampling
interval resulting in a degradation of the converter output
voltage THD, especially when compared to a PWM technique
which is able to produce pulses with a width much smaller
than the sampling time. More advanced schemes which
include modulation techniques inside the FCS-MPC
algorithm have been proposed [14]-[17]. In [14] FCS-MPC
current control is applied to a six-phase inverter feeding an
Asymmetrical Dual Three-Phase Induction Machine while in
[15] a Predictive Direct Power Control is applied to a three-
phase voltage source converter. In [18] a Predictive Direct
Torque Control (P-DTC) approach is described. In all these
study cases, the duty cycles are calculated by solving an
optimisation problem. This approach determines the optimal
control action in order to track the desired reference with
minimal error. Multi-objective control can become rather
complex since a solution to a multidimensional optimisation
problem must be found. In order to overcome these
limitations, a novel approach, named Modulated Model
Predictive Control (M?PC), has been recently proposed; it
retains all the mentioned desired characteristics of MPC as
multi-objective  control strategy, but produces great
improvements in power quality performance. M?PC has
already been introduced for the current control of a 3-Phase,
2-Level Active rectifier in [19] and for the current control of
a single phase, 7-Level Cascaded H-Bridge Back-To-Back
converter in [9], [20], in comparison with Dead-Beat and
Model Predictive Control. In order to extend the control in [9],
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[20] for the case of multi-objective control, in this paper M?PC
is applied and tested for the case of the AC current and DC-
Link voltage control of a grid connected 7-Level, 3-Phase
Cascaded H-Bridge Back-To-Back converter.

II.  CONVERTER DESCRIPTION

The 7-Level, 3-Phase Cascaded H-Bridge Back-To-Back
converter schematic is described in Figure 1 where each
bidirectional AC/DC/AC cell of the converter is composed of
two H-bridge and a medium frequency isolated DC/DC
converter.
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Figure 1. 3-Phase, 7-Level CHB Back-To-Back converter: (a) Overall
structure, (b) Single AC/AC cell structure.
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A series inductive input filter, L, with its inherent winding
resistance ry, is included to facilitate power flow from the grid
and provide an acceptable attenuation of current harmonics.
In a symmetrical converter, each cell is connected to a voltage
source with Vpc=FE and can produce three voltage levels,
associated, respectively, to states -/, 0 and /. Therefore, an n-
cell cascaded converter can produce 2n+1/ voltage levels on
the AC side. Considering a 3-cell symmetrical converter, the
output voltage on each phase is composed of seven different
voltage levels, which can be produced by one or more
combinations of H-Bridge states. Three indices are used to
identify each HB, where p is the phase, / is the port connected
to the selected HB and j defines which HB of the CHB is
considered. As an example, 54/~ defines the state of the third

HB of the converter port 1, phase A. On the DC side the
DC/DC converter has an independent control, described in
[21], with the goal of achieving the same voltage on both side
of the converter (or scaled by the transformer turns ratio), thus
its dynamic is not considered in the model derivation.
However, it has to be remembered that, in practical
implementations, the active power reference variation rate
must be limited in order to avoid excessive DC-Link voltage
excursions. The switching model of the converter is obtained
by approximating the DC/DC converter as a capacitor, C, and
a resistance Rc, which represent the losses in the DC-Link
circuit and DC/DC converter. It is important to highlight that
Rc represents an unknown model parameter and for this
reason, its effect cannot be taken into account in the control
design. The model is described by the following system of
equations, where the DC-Link voltage, Vp¢/, and AC currents
inp define the state of the system. The converter AC voltages,
venp, and the DC-Link capacitor currents, /¢, are also defined
in (1).

dih 1 .
d—tp =1 [Vhp — Vchp (t)] -1 Lhp
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For control design purposes an equivalent DC model for
each phase is derived. The total DC-Link voltage on each
phase, Vpcp, defined as the sum of the voltages on the DC-
Link capacitors, is considered, under the assumption that the
converter is symmetrical, in (2) where s;, represents the sum
of the H-Bridge states on port /, phase p.

dVDCp _ VDCp

(2)

Siplip T Snplap = C

III.  MODULATED MODEL PREDICTIVE CONTROL

Modulated Model Predictive Control (M2PC) includes a
suitable modulation scheme in the cost function minimization
of the MPC alghorithm. In this paper a modulation scheme
particularly suitable for high power converter control is
implemented in M?PC. At every sampling period, only one leg
of'a single HB is allowed to switch, obtaining a total switching
frequency of the CHB that is half of the sampling frequency
[22], [23]. This modulation approach equally distributes the
commutations amongst the HB modules and, in the case of a
7-Level CHB converter, allows to obtain a device switching
frequency equal to one sixth of the sampling frequency. This
feature becomes rather important when high power



applications are considered. Moreover, the selected switching
pattern helps to reduce the controller computational
requirements. As a result, two converter states are selected by
the controller. The first one is selected to be the voltage vector
applied at the end of previous sampling interval, while the
second one is selected between the two states adjacent to the
first selected converter state, using a predictive cost function
minimization algorithm. A combination of these two
converter states is applied during the next sampling interval,
where preference is given to the one associated with a lower
cost function value. The control for this specific application is
described in the following subsections. The overall M?PC
scheme is shown in Figure 2, where the modulation scheme is
integrated in the controller as described above.

A. Control references calculation

The aim of the proposed method is to control the AC
current and the DC link voltages at the required references,
and to obtain the desired active and reactive power flow
through the converter, calculated using the following set of
equations.

(
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The desired current references are calculated from (3)
based on the active power reference, P,", the reactive power
reference, Oy, the angle 0y, and RMS value Vi, rus, of the AC
voltage, provided by a PLL [24]. Furthermore, the necessary
amount of power required to regulate the DC-Link voltage at

the desired value, Ppci+1, is considered in the current
references calculation using the following equation.

C))

*2
Ppep+1 = Poepie + EC[VDCp,k - VDCp,kZ]

A single phase PLL is implemented on each phase, using
the Second Order Generalized Integrator, described in [25],
and the three phase PLL, described in [26]. It is important to
note that equation (4) does not consider the losses in the DC
circuit, modeled by R., and the steady state error is reduced
using the DC-Link voltage control in the predictive algorithm.
The DC-Link voltage reference calculation is limited by a
ramp variation in order avoid interactions with the dynamics
of the current control and undesired distortion on the grid
current. A factor N, representing the DC-Link voltage
reference horizon, is used for this purpose, as described by
equation (5).

*
VDC - VDCh,k
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* — *
Voepx = Vpc +

M?2PC requires the prediction of the supply voltage, vy,
that is obtained from previous periods as described in [1],
assuming ideal supply operating conditions. Once the
converter state and switching instants are calculated by M?PC,
a combination of the HB states is applied to produce the
desired converter state. The HB selected to switch is
determined by a set of iterative rules with the aim of
maintaining balanced DC-Link capacitors voltages, and
distributing the commutations amongst the HBs whilst
minimizing the overall switching frequency. It should be
noted that the M?PC state selector follow the same rules of the
modulator with active voltage balancing algorithm, described
in [23].

V)
Grid Monitoring| T AC Voltage . . . ) R
P [24],[25],[26] Prediction [1] CONTROL MEASURED CONTROL CONTROL
peek T T | REFERENCES VARIABLES VARIABLES OUTPUTS
By Vhpms . . !
. & inp sz Vipket iopi 6, G 4.
DC Power Current i 3 3 3 AC Current Cost "2 Total Duty Cycle hp
Vocek | Reference Reference bkt AC Current o Function G Cost Gy [caleulation] g, (2
calculation calculation [ —  Prediction ihp,lﬂz Calculation AL Function 4 Eg. (20
Pocpje P /4 7 q. (20}
Voo Eq. (4) Eq. (3) Eq. (10) [ - Eq. (11) Eq. (19)
t t v ihp,kd-z[ ! Cost Function
Vocpk P a Deple minimization
] I ] Eq. (21)
DC-Link voltage @ m
Reference | % 1 Shpkt1 | Shpkrl
calculation She s State
Eq. (5) . a #- calculation o Ej Eﬂ
iAchp,k-Q Shp et Egs. (8), (9) bk
DC-Link Volt DC-Link Voltage | Vocpkez”" Gy
Vo, n p oftage md oltage DC-Link Voltage
update prediction i . (2) (1)
7 Cost Function (2) Shpk Shp,k
2) Gy
Eq. (16) Eq. (17) Vocp iz Eq. (18) # Vhp
Vocpk .
Average converter state calculation
avg Eq. (15)
Shprk

Figure 2. Overall M?PC block scheme for the conttrol of port 4, phase p of the proposed CHB back-to-back converter.



B. Current control

The 2™ order derivative discretization of (6) is applied to
the AC current equation in (1), to obtain the discrete time
model in (7).

dipy
dt

_ lnpk+1 ~ lhp k-1

6
27, ©)

Vhpk — Shpk+1Vpcpk = 7T [lhp,k+1 - lhp,k—l] - rLlhp,k(7)
S

The AC system described by (4) represents an
approximated discretization of the first equation in (1), which
considers a constant dynamics of the system for two sampling
intervals. This approximation is used in order to improve the
control robustness with respect to noise on the measurements.
At every sampling instant, two converter output vectors are
selected by the control algorithm. The first vector sz, is the
same one applied at the end of the previous sampling interval
as shown in (8).

Shp,k+1(1) = Shp,k(z) €)

The second vector s;,(? is chosen between the two vectors
adjacent to s,V by the cost function minimization algorithm,
as shown in (9).
Shp,k+1(2) = Shp,k+1(1) +s , s=-11 (9)
By assuming that the control is operating correctly
achieving an optimal current tracking, it is possible to
approximate the term related with the inductor resistance r;
using the current reference instead of the current prediction at
the instant # + 7, incurring a negligible error. This
approximation is used to reduce the controller computational
effort. In fact, considering also that r; is in the order of mQ
(inductive line filter) the error introduced by this
approximation can be considered negligible in any operating
condition. Using this approximation a two-step ahead current
prediction is then obtained for both vy, and vey,@as in (10)
and used to calculate the relative cost function defined in (11).
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The two-step ahead prediction has to be considered instead
of the classical one-step ahead prediction in order to take into
account the one sample step delay introduced by the digital
implementation. It is important to highlight that this
assumption does not represent an extension in the prediction
horizon, but only one sampling interval delay compensation,
always presents in practical systems.

C. DC-Link voltage control

From (2) is possible to decouple the effects of the two AC
sides of the converter on the DC model, as described in [27].
Integrating equation (2) between # and #+7; the relations (9)
and (10) are obtained.

Vpcepk+1 tg+Ts ) .
C f dVpep = f Snplinpg — inp ] dt (12)
t

Vpep.k k
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tk

In order to solve the integral in (10), the average values of
the time domain quantities during one sampling interval are
considered instead of the instantaneous values resulting in the
following approximation.

IR

tp+Ts
. PR
j Shp [lhp - lhp ] dt
t

k

~ . . avg
= Tsshp,kavg[lhp,kavg - l1hp,k* ] (14)

Assuming low DC-Link voltage variations during one
sampling interval, its average value is considered equal to its
instantaneous value at the instant #. For the same reason the
average current produced in one sampling interval is
considered equal to the current sampled at the end of the
sampling interval. The average converter state, s5;,""$, during a
sampling interval is calculated, for M?PC, considering that
two voltage vectors are applied during a sampling interval.
Therefore, the converter voltage average value is equal to the
expression in (13) at time #.

Snp,kavg = dhp,k(l)shp,k(l) + dhp,k(Z)Shp,k(z) (15)

Under these approximations, the one-step ahead DC-Link
voltage prediction is obtained in (14).

— S avg ;DC *
Voepk+1 = Voepi + T Shok 90 pp kn (16)

By iterating (14), the two step ahead DC-Link voltage
prediction is calculated, at the time instant #+2Ty, for the two
voltage vectors that must be generated during the next
sampling interval.

W) —
Voepk+z~ = Vpepi+1 T+

T, «
+?Sshp,k+1(v)[lhp,k+2(v) - lAChp,k+2 ] , v=12 (17)

The cost functions associated with v/« and v.;4? are
then calculated also for the DC-Link voltage as follows.

GVp(V) = VDCp,k+2(U) - VDCp,k*| , v=12 (18)



As already mentioned and discussed in subsection I11.B for
the current control, a two-step ahead prediction has to be here
considered.

D. Total cost function

The total cost functions for each of the two selected output
voltage vector, vempi+1” and veupk1™?, is chosen to be a
weighted combination of the current and DC-Link voltage
cost functions.

Grp™ = WGy + Wy Gy, ™, v=12  (19)

The two weighting factors, w; and wy, can be adjusted to
achieve the desired the control performance [27]. Since the
current cost function Gp, already includes the amount of
current necessary to charge at the desired voltage the DC-Link
capacitor, the importance of Gy, lies in its ability to reduce the
DC-Link voltage steady state error, related with the converter
losses, which are not considered in Gy,. Therefore, the ratio
wy/wr is typically set to the minimum value that ensure zero
steady state error on the DC-Link voltage.

E. Duty cycles and overall cost fuction calculation

The switching times for the two selected vectors are
calculated by solving the linear system of equations in (18).
Once the value of K}, is obtained from (18), the expressions
for the switching times are obtained.

K
@ _ _“hp @)
Kp P th (€8] + th @)
dh (2) — h'p - G (1) (20)
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Once the switching times are calculated the M?PC
algorithm chooses the two converter states, si/” and sp,?,
applied respectively for a time dy,” and dj/?, if they
minimize the following global cost function.

th = dhp(l)th(l) + dhp(Z)th(z) (21)

This solution is proposed in alternative to an analytical
duty cycle calculation. In fact the analytical determination of
the duty cycles is highly dependent on the cost function
chosen for the predictive control system while equation (18)
represents a sub-optimal solution for the duty cycles
calculations and it is only based on empirical considerations.
In fact (18) is arbitrarily applicable to any combination of the
most common cost functions, such as AC current, active and
reactive power, DC-Link voltage for example, without
requiring any analytical analysis. In fact, in this case it is not
possible to calculate the optimal value of dy,” and dj,? that
minimize the cost function as done in previous work.
However, it is possible to demonstrate that the current error
for FCS-MPC is higher compared to M?PC [9].

F. MPPC operative principle example

The operating principle of the M?PC is shown in Figure 2
for a generic sampling instant # where the current prediction
process and the switching times calculation are highlighted.
At the time # the cost function is calculated for both the
selected vectors s;,” and s4,. These vectors are applied at
the time # + T for an interval that is inversely proportional to
the value of the related cost functions. According to the
example illustrated in Figure 3, at the time # the cost function
associated with s;,” is lower than the one associated with
sip'Y; therefore sp,,? is applied for a longer time, with respect
to siy(Y, in the time interval # + Ty...tx + 2T,. Conversely, at
the time # + T, the cost function associated with sz, is lower
than the one associated with s;,,/”; therefore s;,,(” is applied for
a longer time, with respect to sz,” in the time interval # +
2T. ..ty + 3T,
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Figure 3. M?PC working principle example for port / phase p.

As aresult, the applied voltage v., shows a pattern similar
to the one obtained applying a modulation technique. Figure
2 also shows that the M?PC operation is equivalent to two
predictive control systems operating in parallel, applying to
the converter a combination of these two predictive current
control outputs.

IV. SIMULATION RESULTS

Simulation tests are carried out by means of
Matlab/Simulink using the model of Figure 1 with parameters
values reported in Table I.

TABLE L SIMULATION AND EXPERIMENTAL PARAMETERS
Name Description Value Unit
C DC-Link capacitor 3100 [uF]
rL Inductor resistance 0.5 [Q]
L AC filter inductance 11 [mH]
Vpeak AC supply peak value 212 [V]
Vbe Capacitor voltage 92 [V]
fow.nomC DAB switching frequency 2500 [Hz]
T, Sample time 0.2 [ms]
N DC-Link voltage reference 100 /
horizon
wi Current control weighting factor 1 /
wy DC voltage control weighting 5 (FCS-MPC) /
factor 0.1 (M?PC)




Figure 4 shows the simulation tests results in several
operational cases. Figure 4a shows a comparison of the AC
current THD on port 1 obtained with M?PC at a sampling
frequency of 5kHz and FCS-MPC at several values of
sampling frequency. In the simulation two values of P;" are
considered while Q;" is kept constant at 0VAR. Results show
that the FCS-MPC switching frequency matches the M?PC
one when a sampling frequency of 10kHz or 15kHz,

depending on the active power reference value, is used.
However, in both cases the AC current THD produced using
FCS-MPC exceeds the one obtained with M2PC. The
converter voltages and AC currents on port 1 for the two
selected values of active power reference are shown,
respectively, in Figure 4c and Figure 4d for M?PC and Figure
4e and Figure 4f for FCS-MPC.
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Figure 4. Simulation results: (a) Comparison of AC current THD and switching frequency at different power rating for MPC at different sampling
frequencies and M?PC at a sampling frequency of 5kHz; (b) Converter voltage and AC currents for M?PC with a parameter variations of -30% (1, =0.35Q,
L= 0.77mH, C=2300pF) when an active power of 3kW flows through the converter; (c) Converter voltage and AC currents for M?PC for a sampling
frequency of SkHz when an active power of 1kW flows through the converter; (d) Converter voltage and AC currents for M?PC for a sampling frequency of
5kHz when an active power of 3kW flows through the converter; (e) Converter voltage and AC currents for MPC for a sampling frequency of 15kHz when
an active power of 1kW flows through the converter; (f) Converter voltage and AC currents for M*PC for a sampling frequency of 10kHz when an active
power of 3kW flows through the converter.



In figure 4b the robustness of M?PC to parameter
mismatches is analyzed by showing the converter voltage and
AC currents for an r7, L and C mismatch of -30% compared
to the nominal values, when P;" is equal to 3kW and Q;" is
equal to OVAR. The results show that M?PC is able to operate
under these extreme conditions, but increased AC current
distortion are present, with respect to Figure 4d.

V.  EXPERIMENTAL RESULTS

Experimental testing has been carried out for the proposed
M?PC on a 300kVA 3-Phase, 7-Level CHB Back-To-Back
converter [28] shown in Figure 5, with the experimental
parameters of Table II. This converter is able to operate at
input AC voltage of 3.3kV controlling an AC current of
approximately 65A at full power [28]. However, in order to
test the control scheme, only low voltage tests are presented
in this work, even if the converter device switching frequency
is maintained at the nominal value (800Hz) when a sampling
frequency of 5kHz is considered, to emulate high power
switching conditions. This test condition represents a
challenging scenario for the control system considering that
when the proposed converter works at low power the device
parasitic components and noise levels, typical of a high power
converter, are still present. The control scheme for the
converter is implemented on a Texas Instruments 6713 DSP
interfaced to four custom FPGA boards. Experimental results
are shown only for port 1 since the control on port 2 is
identical with the only exception that the DC-Link voltage
control is not required on port 2. In Figure 6 the steady state
performances of M?PC are analyzed for phase A, portl and
compared the classic Model Predictive Control
implementation proposed in [27] with the same cost function
parameters. The converter voltage shows a fixed switching
frequency waveform with a THD of approximately 24.5%
while the current has a THD of approximately 4.5%, lower

than the AC current THD value produced with the standard
control approach by FCS-MPC (6.3%). In fact, since an
intrinsic modulation technique is implemented directly in the
cost function minimization algorithm, the switching
frequency is maintained constant and the harmonics are
concentrated around multiples of the switching frequency.

Figure 5. 3-Phase, 7-Level CHB Back-To-Back converter.

However, the switching instants are calculated using an
empirical method and some calculation errors, especially in
practical systems, can occur. In Figure 7 an active power
reference step from OW to 3kW is considered. The finite delay
introduced by the DC/DC converter has to be considered and,
in order not to affect the DC-Link voltage control response,
the active power reference variation has to be limited by using
a ramp generator. The measured active power is around 3.8
kW with the additional 800W requested by the DC-Link
voltage control in order to regulate the DC-Link voltages at
the desired value and compensate the DC/DC converter
losses. Looking at the DC-Link voltages, the converter takes
around 0.7s to recover the DC-Link voltage tracking with a
maximum error of about 10% of the nominal value.
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Figure 6. Experimental results for M?PC on the the 3-Phase, 7-Level CHB Back-To-Back converter: steady state converter voltage and AC current on

phase A,

port 1.
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Compared with FCS-MPC, the M?PC DC-Link voltage
controller manages to achieve similar dynamic performances.
The only small difference in the two DC-Link voltage
transient responses it is related with the different tuning of the
controllers. Figure 8 considers a reactive power reference step
from OVAR to -3000VAR, while an active power of 2 kW is
delivered to port 2. In this case, since the reactive power is not
shared between the two sides of the converter, the dynamics
of the DC-Link voltage control is not affected by the reactive
power variation and there is no need to limit the reactive
power reference variation. An oscillatory transient in the AC

current response is present using M?PC, which cannot be
noticed using the classic MPC. This is related with the
different operative point. In fact, the empirical switching time
calculation generates more distortion when the generated
converter voltage gets further from the ideal modulation index
value of 0.8 times the DC-link voltage on each phase.

VL

M?PC combines the main good features of MPC control,
i.e. fast transient response, multi-objective control, include
constraint and additional control target directly in the cost

CONCLUSIONS



function minimization algorithm. At the same time it has the
further advantage of including a suitable modulation scheme
inside the cost function minimization algorithm, in order to
maintain a constant switching frequency equal to half of the
sampling frequency. The switching times are calculated using
an empirical solution based on the value of the cost functions
for two adjacent states providing a sub-optimal approach to
the minimization problem. This technique has already been
introduced in previous works for a 7-Level CHB current
control [9], [20], showing that M?PC performs similarly to a
Dead-Beat current control with Space Vector Modulation
operating at the same sampling frequency. The proposed
technique is validated through experimental testing, showing
a fast dynamic and a low current THD for a 2.5 kHz total
converter switching frequency. Compared with previously
published results, M?PC produces similar performances, in
terms of current THD, to the Dead-Beat control proposed in
[9], [27] whilst maintaining the fast DC-Link control response
presented for MPC in [27]. M?PC introduces the ability to
perform a multi-objective control; for example, by including
the DC-Link voltage control in the cost function, it is possible
to obtain a current and DC-Link voltage control without
compromising the overall performance of the system.
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