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An improved method of model predictive current
control for multilevel cascaded H-bridge inverters

Chung Mai-Van'?, Sang Duong-Minh!,
Duc Tran-Huu'!, Bao Binh-Pho!?, Phuong Vu'*

Finite control set ModelPredictive control (FCS-MPC) with the principle of considering all voltage vectors to find the
optimal voltage vector for multilevel inverter in a very small sampling cycle is hardly feasible because there is no modulation
part, the implementation of optimizing common-mode voltage and switching number for the multilevel inverter should be
performed in the cost function. To solve the above problem, this paper proposes an improved method of model predictive
current control selecting 19 adjacent voltage vectors and using weighting coefficients for common-mode voltage elimination
and switching optimization. By using a discrete-time model of the system to predict the future value of the current for the
voltage vector in the previous sampling cycle and its 18 adjacent voltage vectors, the one that minimizes a cost function
will be selected. Thus, in a multilevel inverter with any number of levels, the cost function is performed only 19 times in a
sampling cycle. The computation on FPGA allows 19 calculations of the cost function to be performed in parallel, so the
executing time is very small. The feasibility of the proposed algorithm is verified by simulation model on MATLAB-simulink
software and the experimental 11-level cascaded H-bridge multilevel inverter model.
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1 Introduction

Multilevel inverters have been widely used in high-
voltage and high-power applications thanks to their ad-
vantages: Low total harmonic distortion (THD) of out-
put waveforms [1], reducing the voltages applied to
power semiconductor components, and voltage chang-
ing (dv/dt) at lower speed [2,3]. Especially, the CHB
multilevel inverter structure described in [4-6], has high
modularity and many preventive voltage vectors creat-
ing the same voltage levels in each phase, so it raises
the reliability of inverters in error situation. In addition,
CHB does not need extra elements such as diodes [7],
capacitors [8,9]. Therefore, the CHB multilevel inverter
structure is widely used in industry for different applica-
tions, such as static synchronous compensators [10,11],
converters for high power motors [12,13], and convert-
ers for grid-connected application of renewable energy
sources [14,15].

Nowadays, FOC is still considered as the standard con-
trol method in the industry [16,17]. To improve the dy-
namics of the FOC control method, many new methods
of the current control is being studied such as: using neu-
ral network, fuzzy control and MPC [18]. In which, MPC
method is very attractive because of several advantages
such as: easy to approach, being a multi-variable MIMO
controller, capable of working with non-linear systems in
time domain, having fast dynamic response, flexibility of

predictive current control, cascaded hbridge (CHB), multilevel inverter, the number of calculations,

the cost function in choosing control objects or adding
more constraints. Therefore, the MPC method is the po-
tential alternative control method in power electronics
and electric drive [19,20].

One of the limits of the MPC method is the require-
ment of controller’s large computational capable. Spe-
cially, when the drive system is powered by a multilevel
inverter, the number of voltage vectors increases rapidly,
depends on the number of levels. Therefore, the amount
of calculations in each sampling cycle will also increase.
The total calculating quantity is (2 n + 1)2, where n is
the number of H-bridges in each phase of the CHB in-
verter [19, 21].

However, the too large computational volume may
make it impossible to implement due to the limited re-
source of the control device. Moreover, it will take more
time to complete calculating, affect the controller’s qual-
ity. There have been many studies to reduce the compu-
tational volume of the MPC method. For example, [22]
proposes a method of using 7 adjacent voltage vectors
and 1212+ 6 n+ 1 nonredundant voltage vectors. It just
chooses one from the 7 voltage vectors group, which in-
cludes the voltage vector in the previous sampling cycle
and 6 voltage vectors around it. This ensures that the
computational amount of the cost function is constant,
giving a fixed number of calculations regardless of any
levels of the multilevel inverter. However, selecting only
7 adjacent voltage vectors in [22] affects the quality of the
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Fig. 1. (a) — topology of a CHB multilevel inverter, (b) — structure of a H-bridge

controller, especially in transition. Besides, that method
is not capable of eliminating common-mode voltage or
optimizing the switching number. Thanks to the develop-
ment of microcontrollers and FPGA in recent years, the
problem of large computational number of MPC can be
solved. Therefore, in this study, the author will propose
an improved method of MPC for the cascaded H-bridge
multilevel inverter with below objectives: Reducing the
computational amount of the cost function by using 19
adjacent voltage vectors, eliminating common-mode volt-
age and optimizing the switching number.

2 Cascaded H-bridge multilevel inveter

2.1 CHB multilevel inverter

The topology of a three-phase CHB multilevel inverter
is shown in Fig. 1(a). Each phase of CHB multilevel
inverter is made up of many power cells connected in
series. A power cell is a single-phase H-bridge inverter.

Assume that each phase of CHB multilevel inverter
is made up of n cells and each cell is powered by an
independent dc voltage source V.. Fig. 1(b) shows the
structure of H-bridge ¢, where = represents phase a,b or
c and ¢ is from 1 to n. The semiconductor switches in
each cell can be controlled to generate three voltage levels
Ve, 0, —Vgc corresponding to cell states {1,0,...,—1}.
The voltage level of each phase is the sum of cell levels of

all its cells
Se = Sui.
i=0

The total number of possible voltage levels for each phase
is

(1)

m=2n+1. (2)

The inverter’s voltages of each phase are calculated by

VAN = Vie D Sai s VBN = Ve 1o Sbis

veN = Ve Yoig Sei, vzx = 3 (vax + vBN + ven), 3)
UA = VAN — VzZN, UB = UBN — V2N,
VCc = UCN — UzZN.

2.2 Space voltage vectors of 11-level CHB inverter

A voltage vector is created by a combination of switch-
ing states. In the CHB inverter having n cells per phase,
the total number of switching states combinations is

Kn=(02n+1)>3%

—— —8— — eee ——0— — —

\%
321
Vi Vi

Fig. 2. Space voltage vectors of a three-phase 11-level CHB inverter

In multilevel CHB inverters, there are many sets of
switching states combinations that can generate the same
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voltage vector. Hence, the number of nonredundant volt-
age vectors, which can be determined by (5), is less than
the total combinations of switching states [14]

K,=12n24+6n+1. (5)
In this paper, a three-phase 11-level CHB inverter is used
with 1331 possible switching states in static a8 coordi-
nate. These possible switching states are performed by
331 voltage vectors [23].

3 Conventional model predictive control

3.1 Theoretical basis

According to Fig. 1 (a), a three-phase CHB multilevel
inverter with an RL load has the differential equation of
the current in one phase (a) as

4
v=Ri+ L%,

T (6)

Approximating the derivative component in (7) by

din,g
dt

~ ia’g[k + 1] - iayg[k]
T, ’

and applying it into (7), then

iaplk + if]; ia,plk] _ %(va,g[kz] — Riqglk]).

9)

Thus, the future current vector in the next sampling
cycle is obtained

Nﬂ

iayg[k + 1]

(va s1K] = ia.slk] (R - Tﬂ))

3.2 Model predictive control

(10)

The MPC controller will choose the voltage vector for
the time k by using the cost function

g0 = (i gl + 1] = da sk + 1)), (11)

where i}, s[k + 1], ia,p[k + 1] is the reference current
vector and the predictive current vector on load at time
[k + 1]. For sufficiently small sampling cycles, it can be
assumed that i, 5[k+1] ~ i}, 4[k]. The cost function (11)
is rewritten as

go = (5 [k] = dalk + 1))+ (5K — is[k +1))°. (12)

The cost function (12) is performed for each possible volt-
age vector. One voltage vector minimizing (12) is chosen
to apply to the inverter. The number of voltage vectors
evaluated to obtain the optimal solution in each sampling
cycle is very high.
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Table 1. Switching states Tab.
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Szi(Szi,1552i,3)

Se
Szl (Szl,l; Szl,B) 512 (512,1; SzQ,B) SIB(SIB,l; 513,3) Sz4(Sz4,1; 514,3) Sz5(Sz5,1; Sz5,3)
+5 1(1;0) 1(1;0) 1(1;0) 1(1;0) 1(1;0)
+4 1(1;0) 1(1;0) 1(1;0) 1(1;0) 0(0;0)
+3 1(1;0) 1(1;0) 1(1;0) 0(0; 0) 0(0;0)
+2 1(1;0) 11;0) 0(0; 0) 0(0; 0) 0(0;0)
+1 1(1;0) 0(0; 0) 0(0; 0) 0(0; 0) 0(0;0)
0 0(0; 0) 0(0; 0) 0(0; 0) 0(0; 0) 0(0;0)
-1 0(0; 0) 0(0; 0) 0(0; 0) 0(0; 0) —-1(0; 1)
-2 0(0; 0) 0(0; 0) 0(0; 0) —1(0;1) —-1(0; 1)
-3 0(0; 0) 0(0; 0) —1(0;1) —1(0;1) —-1(0; 1)
-4 0(0; 0) —1(0;1) —1(0;1) —1(0;1) —1(0;1)
-5 —1(0;1) —1(0;1) —1(0;1) —1(0;1) —-1(0; 1)
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Fig. 5. Block diagram of the proposed model predictive control algorithm

4 Proposed model predictive control

4. 1 Reducing the number of calculations for the cost
function

To select the voltage vector having the smallest current
difference, it is necessary to calculate the cost function
for all voltage vectors that the inverter can generate. For
a three-phase 11-level CHB inverter, it generates 1331
switching states (4) and 331 voltage vectors (5). Thus, the
cost function (12) will be performed 331 times to choose
a voltage vector having the smallest current difference
in each sampling cycle. It can be seen that the number
of calculations is too large for microcontrollers in one
sampling cycle. Especially, when the number of levels
increases, the number of calculations will increase rapidly
according to (5), that makes increase and the quality of
MPC controller decrease. In this study, the author will
propose a solution is to use the set of 19 adjacent voltage
vectors to solve this problem.

In the steady state, the voltage vector V is selected
sequentially to produce a sinusoidal reference current.
Therefore, at two consecutive intervals, the two applied

voltage vectors will be approximately equal in amplitude
and phase angle. Thus, in each sampling cycle, instead of
using 331 voltage vectors to evaluate the cost function, we
only need to consider the voltage vector in the previous
sampling cycle and 18 adjacent voltage vectors around it.
An example for illustration of the set of adjacent voltage
vectors is shown in Fig. 4.

The set of adjacent voltage vectors is determined by
distances between the voltage vector in the previous sam-
pling cycle and others, which are calculated as

d(vg,vy) = \/(vx,a - vy,a)2+(vx7ﬂ - ’Uy”g)2, (13)
vy is called as an adjacent voltage vector of v, when
d(vg, vyt) < %Vdc. The distance calculation will be per-
formed offline and saved to the database of the MPC con-
troller. Each voltage vector has a list of its 19 adjacent
voltage vectors.

With this implementation, the cost function is per-
formed only 19 times per sampling cycle. As a result,
regardless of the level of CHB inverter, this way can be
applied to reduce the number of calculations of the cost
function.
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Fig. 6. Measured and reference current in one phase for a step amplitude

The author uses FPGA to program the MPC controller
because FPGA has ability of calculating many equations
in parallel. The computation time of cost function is min-
imized. Besides, using 19 adjacent voltage vectors make
the responding time to be reduced.

4.2 Optimizing common-mode voltage

When the load is connected in star, there is a voltage
difference between the load-side neutral and the inverter-
side neutral, which is called a common-mode voltage
(CMV) and denoted by wvzn. Common-mode voltage
causes many problems such as shaft voltages and cir-
culating leakage currents through parasitic capacitances
between the motor windings, the rotor, and the frame.
The amplitude and number of these current spiker is
determined by the du/dt and the number of commuta-
tions present in the common mode voltage. These current
spiker can cause premature motor bearings failures and
electromagnetic interference [24, 25]. Therefore, the opti-
mization of CMV is very important, especially in high-
voltage and high-power applications. The common-mode
voltage is

1
vzN = = (VAN + UBN + VON). (14)

3

Normally, this voltage will be handled by the inverter’s
modulation part. Due to not using the modulation part in
the MPC algorithm, the optimization of CMV will have
to be implemented in the cost function. The part in the
cost function optimizing CMV is

_ |vznlk]]

1
Vdc ’ ( 5)

g1

where vzy[k] is CMV at the time k.

4.3 Optimizing switching number

MPC method requires the sampling cycle to be large
enough (about 10100 us). That makes switching frequency
increase, resulting in increasing switching losses. There-
fore, reducing the switching frequency to improve perfor-
mance of the inverter is very important. Switching num-
ber optimization is also performed in the cost function.
The number of switching times after each sampling cycle
of the three-phase CHB inverter is

g2 = |Sa[k] = Salk = 1]| + [Ss[k] — Sp[k —1]|

+ |Sc[k] = Scl[k —1]|, (16)
where Sa, S, Sc are output voltage levels of three
phase (a, b, ¢) of the inverter. In addition, to perform
optimal switching, the suitable voltage levels per phase
are specified in Tab. 1

4.4 Cost function

Sa
SB
Sc
the time k, S,; ; is the j semiconductor switch in the i
H-bridge of phase x (:L' €{A,B,C},i=1+5j= 1%4).
The new cost function for proposed MPC method is

In Fig. 5, V[k] =V; = is the voltage vector at

g=9go+ >\cmgl + )\swg% (17)
where M., is the weighting coefficient for common-mode
optimization and gy is weighting coefficient for switch-
ing optimization.

The cost function (17) has three objectives:
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Fig. 7. Block diagram of implementing FCS-MPC on microcon-
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e The first objective (go): Optimizing the difference be-
tween the reference and predictive current.

e The second objective (g;) : Optimizing the common-
mode voltage.

e The third objective (g2) : Optimizing switching num-
ber.

The weighting coefficients in the cost function (17)
are constant and determined by experiment. However, in
different operating processes, the weighting coefficients
should be changed to gain the best performance of con-
troller. For example, in the transition stage, the current
difference is big, so go should have a large proportion
in the cost function. In steady state, the current differ-
ence is small, thus the weighting coefficients of optimizing
common-mode voltage and switching number should be
bigger to achieve the set target of the controller.

5 Performance evaluation

5.1 Simulation results

A simulation model of three-phase 11-level CHB in-
verter in MATLAB-Simulink is used to prove the pro-
posed method. The system parameters are: 20 V in DC
side per power cell, star load has 15 €2 resistor and 3.8 mH
conductor per phase, the sampling cycle is 50 us. The
investigative time is divided into many stages. In each
stage, weighting coefficients have specified values, which
depend on the target of optimizing the current difference,

common-mode voltage or switching number. The inves-
tigative situations in detail is shown in Tab. 2, where
I*A is the amplitude of the reference current.

Table 2. Parameters of weighting coefficients in investigative situ-

ations
(S)% 0-0.05 0.05-0.1 0.1-0.11 0.11-0.2 0.2-0.3
Aem 0 0.2 0 0 0.2
Asw 0 0. 04 0 0 0.04
I* (A) 2 2 2 4 4

At time 0.1-0.2s, there is a change of reference current
amplitude from 2 to 4, so weighting coefficients are set to
0. Then, these coefficients are raised to optimize common-
mode voltage and switching number.

The behavior of the MPC controller for a step in the
amplitude of the reference current is shown in Fig. 7(a). It
can be observed that the proposed method has very good
reference tracking. The responding time of proposed MPC
(260 ps) is smaller than the one of 7 adjacent voltage
vectors MPC [22] (300us). The difference is because the
proposed method allows bigger changes in the output
voltage than method in [22] does, as can be seen in Fig. 8.
Besides, the values of dv/d¢ are still within an allowed
limit, which greatly improves the motor life.

Simulation results of common-mode voltage is shown
in Fig. 9. It shows that the proposed MPC has completely
eliminated common-mode voltage, which cannot be done
when using method in [22]. Moreover, Fig. 10 shows that
the switching number in proposed method is considerably
smaller than in [22]. The detail number of switching times
in each investigative time 0.02 s is shown in Tab. 3.

Table 3. The switching times in phase a after each 0.02 s with
different weighting coefficients

Weighting

coefficient

The number of
Amplitude

switching times
of reference

for optimal

current switching Method  Proposed
times in [22] method
2 (A) 0 168 168
0. 04 168 84
4 (A) 0 92 114
0. 04 92 28

The reduction of number of switching times make the
performance of inverter raise. However, the optimization
of common-mode voltage and switching number will raise
the % THD of current, as shown in Tab. 4. As a result,
weighting coefficients should be flexible to gain the de-
sired quality of system.
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Proposed MPC method

Table 4. Analysis for THD of the current in phase a

Time (s) 0-0.05 0.05-0.1 0.16-0.2 0.2-0.3
Acm 0 0.2 0 0.2
Asw 0 0.04 0 0.04
Fundamental

amplitude 1.99 1.95 3.99 4.04
%THD 1.99 1.95 3.99 4.04

5.1 Experimental results

The proposed control algorithm was implemented in
an FPGA kit Zybo Z7-20 and a three-phase 11-level cas-

van (V)

@

van (V)

(b)

0.31 0.32 0.34

Time (s)

Fig. 10. Output voltage of phase : (a) — MPC method in [22],
(b) — Proposed MPC method

caded H-bridge inverter for an RL load. The full experi-
mental model is shown in Fig. 11.

Figure 12 Shows the block diagram of implementing
proposed algorithm on kit Zybo Z7. Thanks to the ability
of calculating in parallel of FPGA the total computation
time of proposed method is equal to the one of method
in [22].

To validate the proposed method, the same parameter
values are set for both the simulation and experimental
model Firstly, the algorithm using 19 adjacent vectors
without using weighting coefficients is implemented. The
load currents and inverter voltages in three phases for
different amplitude values of reference current are shown
in Fig. 13 and Fig. 14.
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The load current and inverter voltage in one phase
for a step change of the reference current is amplitude is
shown in Fig. 15. It can be seen that the experimental
results have very similar performance with simulation
results. Load current changes follow the reference current
very fast (the responding time is about 980 us).

When system operates in steady state, the weighting
coefficients to optimize the common-mode voltage and
switching number are added to the cost function. Fig. 16
and Fig. 17 show that the switching number has been re-
duced considerably. The common-mode voltage has been
eliminated completely, as seen in Fig. 18.

5 Conclusions

In this paper, a new method of model predictive con-
trol has been proposed to eliminate the common-mode
voltage and optimize the number of switching times in
cascaded H-bridge multilevel inverter. It raises the sys-
tem’s performance by using the set of 19 adjacent volt-
age vectors without effecting the implementation time.
The common-mode voltage can be eliminated completely.
Semiconductor switching times is reduced considerably,
so the losses of system decrease. This proposed method
is quite simple, easy to do in practice and can be applied
to CHB inverter having any voltage levels.
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