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Abstract: This paper proposes a sensorless second-order switching surface to control a three-level boost converter
(TLBC). A predictive current method is proposed to reduce the number of sensors in the normal second-order switching
surface method. Based on a developed model of the TLBC, the current is estimated and a switching surface is formulated
in the state-energy plane. Simulation and hardware tests are carried out to verify the viability and the effectiveness of
the proposed control technique. Results obtained show a good performance of the converter in term of DC-bus balancing

and fast dynamic response under sudden load change.

Key words: Boundary control, predictive control, second-order switching surface, sensorless current control

1. Introduction
Successful conversion and control of electrical energy using multilevel converters represents a very important
field of research due to the rapid growth of power demand with further requirements on power quality and
efficiency. To fulfill these demands, new switches, typologies, and control schemes have been developed. Besides
that, the controls of these converters have to accomplish crucial roles in optimizing performance and maintaining
the desired robustness under various operation conditions [1, 2]. Conventional approaches based on small-signal
linear techniques have been found to be unable to achieve the necessary regulation, dynamic response, and
required stability for these systems [3]. Therefore, researchers focus on developing some advanced control
techniques, which are able to satisfy the complex requirements of power conversion systems. In particular,
modern control techniques such as sliding mode control, hysteresis control method, predictive control method,
and graphical control method have been applied to these systems. The practicability of these modern methods
has been properly investigated in different research works [4-6]. In some recent work, a boundary control (BC)
technique with second-order switching surface was investigated and was demonstrated to offer a promising
solution for controlling power converters [7, 8].

BC is a geometric-based control approach appropriate for switching converters, which typically has a
distinguishing feature of controlling converter operation without differentiating start-up, transient, and steady-
state modes. Hence, it has the ability to handle large-signal disturbances in the input and output sides [9]. The

2 was proposed and applied for buck converters in [10]. It is

concept of the second-order switching surface o
derived by estimating the state trajectory movement after a switching action, resulting in a high state trajectory
velocity along the switching surface. Therefore, the converter reverts to the steady state in two switching actions
under large-signal disturbances. Currently, it is applied for all types of converters and the generation of the

second-order switching surface is carried out in the state energy plane rather than the state plane [11].
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The BC technique can ensure system stability and good dynamic performance. However, it will require
using numerous sensors, which will affect the cost and the system performance when controlling a three-level
boost converter (TLBC). Therefore, it is preferable to adopt some sensorless voltage or current techniques.
Many research activities are carried out to propose the diminution of input signals [12, 13]. The reduction of
the sensor number is of utmost concern to industrial users due to its significant cost advantage as well as a
reliability issue. An interesting approach is to apply a sensorless current mode technique, where the inductor
current is estimated from the sensed input and output voltages [14]. This paper presents a BC using a second-
order switching surface with a predictive current capability to reduce the number of current sensors used. An
accurate model of the converter is developed and used to obtain the mathematical equations that predict the
inductor current from the sensed input and output voltages. Then a second-order switching surface is formulated
in the state energy plane as described in [11] to control the converter and achieve a balanced output voltage.
Besides producing a stable and balanced output voltage, the developed control technique can withstand large-
signal disturbances and return rapidly to its steady-state value. The proposed control algorithm is simulated,
implemented in TMS320F2812, and tested using prototype hardware. The converter exhibits better results in
term of DC-bus balancing and fast dynamic response under sudden load change. Modeling, design, and analysis

of the overall system will be given.

2. TLBC mathematical analysis
The circuit configuration of a typical TLBC is shown in Figure 1. This topology has the advantage of less

current ripple by around four times if it is compared to the traditional boost converter; hence, the inductance
value is less by around four times and so there is high efficiency and low cost. The output voltage of the TLBC
is adequately controlled by the switching pair (Q1, Q2), (D1, D2).
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Figure 1. Proposed TLBC topology.

2.1. TLBC working principle

Assuming a balanced voltage output of the converter where V1 is equal to V2, it is basically clear that there are
two regions where this converter can operate. The first control region is applied when the input voltage is less
than each capacitor output voltage (Vi < V1 & V. < V2), while the second control region is applied when
the input voltage is higher than each capacitor output voltage (V4. > V1 & V. > V2). Figure 2 illustrates
the switching state in each control region. If the TLBC works in region I, the charging voltage is Vdc and the
discharging voltage is either (V1-Vy.) or (V2-Vy.), depending on which boost side is working. Since the upper
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and lower capacitors are alternatively used for discharging the inductor voltage, their voltages are theoretically
balanced. When the TLBC works in region II, the boost charging mode is either (Vg.-V1) or (V4.-V2) and
the OFF-mode discharging is (V0-Vj.). As this process will be repeated, a balanced output voltage can be
achieved. Table 1 summarizes the working principle of this TLBC.

Q1 ' ' , Qi | | |

il

0 tl 2 3 4 t0 tl t2 3 t4
(a) Switching sequence in region I (b) Switching sequence in region II
Figure 2. Switching sequence for the TLBC.
Table 1. Working principle of the TLBC.
Satisfied conditions Boost state Qr (S;;;tches St(?:;“i D7)
Region T | Vde <V1 & Vde <V?2 é)Fl\IF ( 1,0)(2}1)(0, AR 1)((3)73)( o
Region 11 | Vde >V1 & Vde >V2 OOFI‘\; (1’0)((%)(0’1) (0’1)(1071”1)(1’0)

2.2. Mathematical model of the TLBC

In order to realize a sensorless control for the TLBC, an accurate modeling system is required. However, for
simplification purpose, it is assumed that the TLBC is controlled in region I and works in the continuous
current mode to overcome the case where all switches are OFF. With reference to Figure 3, the output voltage
of the TLBC is governed by the switching pair (Q1, Q2), (D1, D2), and hence a balanced output voltage can be
achieved by operating the converter in Mode 1 and Mode 2 or Mode 1 and Mode 3 simultaneously. Consequently,
it is clear that the TLBC is controlled as two conventional boost converters; each one is used to maintain the
same output voltage. Therefore, for simplification reasons, the sensorless current control is described only for a
simple conventional boost converter and then it will be generalized for the full TLBC. Using the conventional
lower boost 1 and neglecting the output voltage of the capacitor C1, the state spaces obtained are:

Mode 1:

@uan=an:[E] =[5 O] [E]+ [E] v )
Mode 2:
Va

@@=00:[E] = [0 ZF][E]+ [E] 2)
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D2

Mode 2 Mode 3

Conventional lower Boost 1

Figure 3. Control of TLBC in region I.

The final approximate model can be written as:

Mode 1:

For 2apho, <<1

Ion - iL (tO) + Z‘if‘hon

Von = 2 (to) — 2a0vo (to) hon
Mode 2:

For woph <0.25 & ag << wp
Iopp = Iop + YaeTVon hy

Voff ~ Von + 0.5(4)(2) (Vdc - VOn) hgff + (C*l_[(m — QGJOVO“) hoff
a0 = 535

]

1
wo = m—ao

R

V23C2:

v

Conventional upper Boost 2
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3. Current estimation method

Using the approximate solution of the TLBC, the estimation of current will be carried out in Mode 1 and Mode

2, respectively. The process of estimation is shown in Figure 4 and explained in detail in the following sections.

a0(k+3)

b

InductaOnce Current IL

Time

Figure 4. Process of estimating the inductor current.

3.1. Inductor current estimation in Mode 1

A deep analysis of the boost converter’s approximate model shows the possibility of estimating the inductor
current using only the measurement of the input and output voltages of the converter. To perform this
estimation, the time axis is divided into small steps of time with identical durations. The successive activation
between the two operating modes is done by assuming a time ¢t = mAt and m € N. In Mode 1, the measured
output voltage stated in Eq. (3) is used to estimate the value of ag,wp and the inductor current. The estimation
algorithm proposed in Eq. (5) requires only the measurement value of the output voltage at the beginning and

the end of each elementary interval, in addition to the interval time At.

ao (k+1) = (1 — p)ag (k) + psx; (1 - Uﬁz)l))

wo (k+1) = /(L) ™! — ag(k +1)? .
I(k+1)=1(k)+ YAt (5)
b(k—+1)=b(k)

IL(k+1)=I(k+1)+b(k+1)

At the end of Mode 1,v3 (k+1) = Vi, and I; (k+1) = I,,. If (1) =0, b(k) represents an estimate

of the unknown initial value of the inductor current.

3.2. Inductor current estimation in Mode 2
In Mode 2, the converter output voltage given by Eq. (4) is utilized to estimate the inductor current. At this

time, a combination between the value of current in Mode 1 with an unknown initial value b (k) and the output

voltage in Mode 2 is made as follows:

I(k+1) =1 (k)+ 2B Ay
I (k+1)=TI(k+1)+b(k) (6)

O Lot D02 (8) 4 944 (k) Cog (k) — I (k) ~ 0.5wp(k + 1)° C (Vae — v (k) At + b(k)
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As At is small, then the term (0.5wo(k +1)>C (Vao — vo (k)) At) can be ignored and b(k) can be
estimated by:

uk+n=(yqnum+u(c”“”f;_”%)+mmk+nc@@g—um) (7)

As described in Figure 4, operation in Mode 1 allows us to correctly estimate the value of ag(k) while

Mode 2 permits to estimate the initial value b(k) of the inductor current.

4. Sensorless boundary control of TLBC

The sensorless boundary control of the TLBC can be achieved by combining the current estimation method with
the derived second-order switching surface S1. Figure 5 summarizes the proposed sensorless control technique,
where only the two output voltages are sensed. The inductor current is predicted in the ON and OFF modes
using Egs. (5) and (6), respectively. We have to mention here that the ON state is (Q1,Q2)=(1,1), and the
OFF state is either (Q1,Q2)=(1,0) or (Q1,Q2)=(0,1). After obtaining the needed currents, the control algorithm
based on the second-order switching surface derived from the state-energy plane attempts to identify the energy
error AW =W — W,.; as a quadratic function of the current error by following certain surface forms deduced

from the converter operation modes.
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Figure 5. Sensorless boundary control using state energy plane.

Choosing the same capacitance value and the same resistance value in the converter, the instantaneous

and reference energies obtained can be expressed based on the total output voltage V5 and the equivalent
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(a) State plane (i, v,) (b) State-energy plane (i, w,)

Figure 6. Switching trajectories for lower boost .

capacitance Ceq as follows:

1 . 1
W= 5Lz% + Eceqvg (8)
1, 1,
Wref = éLlLiref + 508(1‘/0 (9)
Pout
iL ref = 10
Iref = 37 (10)

Obtaining the derivation of both W and Wref, then replacing %L and % by their respective equivalent values,

the energy error AW can be expressed as:

t2 t2
AW =W — Wyep = /(dW — AW,yep)dt = /(Pi — Pog)dt (11)
t1 tl

Solving the integral using the trapezoidal method yields:

t2 t2
AW = / Pondt + / Progdt — (12 — 11y Ln(12) : Pnl) _p (12— 1) (12)
tl tl
Given that:
(t2 —t1) = Fin(t2) — Fin(t1) (13)

dP;y,
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Therefore:

11
24P,

AW {(Pnt2) = Pres)? = (Pon(t1) = Preg)’} (14)
dP;,is determined from the inductor current equation state in each operation mode. For example, in

Mode 1, we have:

diL diL 2
L=L — v, =V, L=k = - dP;, =
a Ve acl g = Ve

2
Vdc

(15)

As a consequence, the derivation of switching surface criteria for the ON and OFF trajectories can be
obtained easily using Eq. (14). The ideal switching surface should traverse the operating point (ir, ref, Wrey),
traveling the ON-state trajectory when the state is above the load line and traveling the OFF-state trajectory

when the state is below the load line. The derived switching surface S;(t) can be identified as follows:

[0 if o2(t) = AW () — ka[in(t) —in sef(D] >0 & in(t) > ir res(t)
Sl(t) a { 1 Zf ;3(15) = AW(t) — kl [iL(t) — Z.Li,«ef(t)]Q <0 & iL(t) < iLiref(t) (16)
Here, k1 = % and ko = Vi‘fsvl.

5. Simulation and experimental results

Using MATLAB software the proposed topology is simulated. The control algorithm is implemented following
the description shown in Figure 5 and detailed in previous sections. The parameters used are stated in Table 2.
As the control of the TLBC is simplified to the control of two conventional boost converters, the state plane of
the lower boost and its modification to state-energy plane is displayed in Figure 6. The ON state trajectories
are derived by putting (Q1, Q2) = (1, 1) and the OFF trajectories are derived by putting (Q1, Q2) = (1,
0). The simulation results of the control algorithm without using any current sensors are shown in Figure 7.
Varying the resistance value from 250 Q to 125 Q and vice versa, the results show that the estimation values
of ap(k) and the inductor current i, ,.s are almost equal to the real ones. Moreover, the output voltage of
each capacitor follows its reference voltage with some differences in the ripple voltage values when the variation
occurs. On the other hand, when the control algorithm is compared with current control mode, results are
shown in Figure 8. The control of the TLBC with current control mode can be obtained by eliminating the
error voltage in S1. The results show that the current control mode has a slower transient response compared
with the desired control.

The low power laboratory prototype shown in Figure 9 was built to evaluate the proposed topology
performance. The control algorithm that expresses the sensorless boundary control in state-plane energy is
implemented in DSP TMS320F2812. A timer interrupt is used to collect the value of voltages from the analog
to digital converter (ADC),and then it proceeds with the steps described in the flowchart of Figure 10. The
pulses’ pattern is generated with a simple function of flip-flop that combines the state of switches in each mode
as shown in Table 1. The input voltage is set to 100 V. The results of the total output voltage (Vo), the
capacitor C1 voltage (V1),and the pulse of switch Q1 are shown in Figure 11a. The steady-state results satisfy
the theoretical study as the converter reached the desired output and the capacitors’ voltage are balanced.

Furthermore, the start-up of the converter is shown in Figure 11b. An amelioration of the overshoot at the
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Table 2. Component values of the TLBC.

Parameter | Value | Parameter | Value
Vie 100V | C 200 uF
V1_ref 150V | W 4.50 J
Va—res 150V | AW) 0
Vo—ref 300V |k 1 1.5¢-3
L 3mH | k 2 3e-3
R, 02Q | R 250 Q
A(t) 50 us | p 0.9
3 g 3
30 T T T T T T T T T T
% 20 | RO R e O T % 20 B
&5 10 o e s 41 & 10 G S i
'a 0 L L L L ? 0 L L L L
g 100 150 200 250 300 350 400 E 100 150 200 250 300 350 400
< <
T . e
7 oD I BV VA VA VA Y Y VYV VV V VN
& %
= -5 L L L L r = 5 I L L r r
£ 7100 150 200 250 300 350 400 & 100 150 200 250 300 350 400
= iterations = iterations
2152 . . . . . 3 5 : . . . .
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5 150 MR AR e~ v o -~ IRLY ~
“ 5 148
L 148 L L L L - L I r r r r
=1 L5 2 2.5 3 3.5 4 > 1 L5 2 2.5 3 3.5 4
time in ms time in ms

(a) Variation from 250 Q) to 125 Q

(b) Variation from 125 Q to 250 Q

Figure 7. Sensorless control technique verification.

start-up is observed. The converter output reaches the steady-state output voltage at almost 6 ms. The time

taken is not only for the purpose of getting the required energy to reach the steady-state value but also related
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Figure 8. Comparison between two control modes in

region 1.

Figure 9. Laboratory prototype.
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to the convergence of the sensorless algorithm parameters that estimate the inductor current.
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Figure 10. Flowchart of the sensorless control method

Another important parameter to verify is the robustness of the sensorless control technique under 50%
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Figure 11. TLBC steady state and start-up results.

load change. Referring to Figure 12, the decreasing or increasing of load did not affect the TLBC output voltage
much. The system can recover to steady state in a short time with some differences in the ripple voltage. It can
also be seen that the generated pulses are different in terms of width to cope with the new reference current
generated. As follows, the converter attains the steady state within a few switching cycles. In BC theory,
it is important to mention that to limit the switching frequency and to prevent the chattering in the output
voltage, a hysteresis band Aw is added into the ideal switching surface o?. The steady-state parameters and
the stability analysis criteria are defined in Table 3. Regarding the stability of the system, the point along the
switching surface o2 is characterized into three groups: refractive point, reflective point, and rejective point.
These three elements direct the stability of the system. If the switching surfaces are along the boundary of the
reflective and refractive regions, the converter will show fast dynamic response.

r Llry
¥ W
Vo >
S >
Lout 2 ms S (2 ms
M _ JIout L |
Ref. Current f N Ref‘c‘“”“"';‘__t__ U S """"‘“ fl A
Ref. Voltage 2 ms Ref. Voltage 2 ms

Q1

ST

WMMWWTM
*,M.J’"mmﬂﬂ.ﬂﬂ 000 8 1 )

fs

Figure 12. TLBC response under 50% load change. (Vo: 100 V/div, Iout: 1 A/div, Q: 5 V/div, Time: 2 ms/div)

Besides its control technique, this topology has some other benefits if compared to conventional or

interleaved boost converters. Table 4 provides a comparison between a conventional boost converter, a two-
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Table 3. System analysis of the TLBC.

Steady state analysis Large signal stability analysis
Current ripple: Reflective mode:

. o . . 2 L
Azmin = AZmax = F1—Fa Aw kl > 5 & kQ < W
Voltage ripple: Rejective mode:

Vo min = \/%Wrﬁf + é‘llzlir]]zz Aw — 2C€/(ZL ref + AZmax)
Vomax — \/%Wref + éZi—HQA CLL(ZL ref — AZ.mi]ﬂ)

Switching frequency: Refractive mode: outside the condition
f, = 1 _ _Vac(Vo—2Vac)
ST TontTofs 2LV0\/k 2 Aw

k1<—% &k2>m

of reflective and rejective mode

interleaved boost converter, and the TLBC. The inductor current ripple in the TLBC is one-fourth that of
the conventional one. For the same current ripple, the TLBC requires four times less inductance than the
conventional boost converter. As a consequence for the same input current, the inductor size in the TLBC has
about one-fourth the size of the inductor in the boost converter. On the other hand, the more competitive
counterpart of the TLBC is the two-interleaved boost converter. The input current ripple of the TLBC is the
same as that of the two-interleaved boost converter. However, the two-interleaved boost converter has some
weaknesses compared to the TLBC, such as it needs two inductors and two controllers with a proper interleaving
and current sharing, and in addition the switches have to withstand the full voltage. These drawbacks make
the two-interleaved boost converter much less competitive than the TLBC for high power and/or high input

voltage.

Table 4. Comparison between some topologies of boost converter.

Boost converter Interleaved boost converter TLBC
D<0 ‘ D>0 Region 1 ‘ Region 2

Duty cycle

V C V C V C V C V C
- [ 1% [1-%  [1-o%e  [2-2%
Current ripple
VaeD ‘ (2Vdc—Vo )(1 — Vae ) ‘ Vic(Vo—2Vac) ‘ Vic(Vo—2Vac) ‘ 2Viae(Vo—2Vac)
fswL 2Lfsw VU 2LfswV0 Lfs'wVO LfswVO
Condition for maximum current
Vae =05V | Vae = 0.75Vy | Ve = 0.25Vp | Vie = 0.25Vp | Vie = 0.75Vy
Maximum current ripple

V() ‘ VO | VO

4fswl 16fswL 16 fow L

6. Conclusion

A sensorless boundary control of a TLBC in state-energy plane has been proposed. A predictive current control
is used to estimate the inductor current needed to formulate the second-order switching surface criteria. This
method preserves the good dynamic performance of the normal boundary control without using current sensors.
Simulation and experimental results show that the TLBC generates a balanced DC-bus output voltage. Under
the sensorless control method, the converter has a fast transient response; the output voltage is usually quickly

brought back to steady state during large-signal disturbances. Besides its fast transient response, the control
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using second-order switching has improved the overshoot at the start-up. The results obtained demonstrate a

similarity between the experimental test and the theoretical investigations.
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