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Abstract—This work proposes a Model Predictive Control
(MPC) strategy for Cascaded H-Bridge (CHB) converters under
unbalanced power generation among each converter phase.
Therefore, the control target is to extract unbalanced power
from the dc-sources while providing balanced power to the grid.
The key novelty of this proposal lies in the way the unbalanced
power generation issue is explicitly considered into the optimal
control problem. The power balance is achieved by enforcing the
CHB to work with a suitable zero voltage components. Thus,
to account for the common-mode voltage, the proposed MPC is
directly formulated in the original abc-framework . To verify the
effectiveness of this proposal, simulation results of the proposed
MPC governing a five-level CHB converter are provided.

Index Terms—Multilevel converters, cascaded H-bridge con-
verters, DC-AC power converters, control design, predictive
control, finite control set, power distribution.

I. INTRODUCTION

Multilevel converters (MCs) are an interesting technology

for medium/high-voltage and high power applications [1].

Several MCs have been proposed in the literature, which offer

different features. Despite the difference in their topologies,

MC have a common feature: they are able to produce high

quality voltage and current waveforms at medium/high-voltage

range by using power switches rated at lower voltage values.

To do this, special modulation and/or control techniques are

used to distribute de voltage (and, hence, power) among the

internal power switches. This has allowed power converters to

work in high power applications, such as high-power drives

[2], active filters [3], renewable energy grid integration [4],

etc. Among the different MCs one can find in the literature,

the most popular and widely used are: the Neutral Point

Clamped (NPC) [3], Flying Capacitor (FC) [5], Cascaded H-

Bridge (CHB) [6], and Modular Multilevel Converter (MMC)

[7]. This work is particularly focused on the control of a

CHB converter. This topology is comprised of a basic unit

called cell, which is a simple three-level HB converter. Thus,

to extend the voltage levels of the whole converter, several

cells are interconnected in series. To obtain the total output

voltage, each cell is electrically fed with isolated dc voltage

sources. This makes this topology particularly suitable for the

integration of solar PV plants to the electricity grid [4]. Due

to the large extension of these plants, they are likely to be

affected by partial shading. Therefore, PV strings may deliver

different amount of maximum power.

To address this issue, several control strategies have been

proposed to govern CHB converters under unequal power

generation among phases [8]–[10]. In this case, the control

goal is to achieve an inter-phase power balance in the grid-

side under a certain range of power imbalance in the dc-power

source. Existing approaches are aimed to obtain symmetric

sinusoidal currents by using standard PI controllers in a dq-

framework. Thus, the dq-voltage provided by the controller is

transformed into the abc-framework obtaining a symmetrical

converter voltage reference, v+abc. To achieve the inter-phase

power balance in the grid side, it is possible to add a suitable

zero-sequence component, v0, to the symmetrical component

reference, i.e., vabc = v+abc + v0. Then, a PWM stage is used

to synthesize this references.

Regarding modern control strategies for power converters,

Model Predictive Control (MPC) has emerged as an interest-

ing alternative to govern power converters [11], [12]. The

main advantage of MPC comes from the fact that system

constraints (e.g., current and voltage admissible levels, and

switch states) and nonlinearities can be explicitly considered in

the optimization [13]. Different predictive control formulations

have been proposed to govern power converters, showing that

these methods, in general, may outperform standard PWM-

based controllers. Due to its flexibility and potentiality, Finite

Control Set MPC (FCS-MPC) is one of the most popular pre-

dictive controller for power converters [11], [14]. FCS-MPC

directly considers the power switches (or voltage levels) in the

optimization as input constraints [13]. Thus, no modulation

stages are needed. To obtain the optimal solution, one can

evaluate all the possible switching combinations in the cost

function and then apply the one which minimizes it. Some

examples of recent predictive control formulations in power

electronics can be found in [11]–[20].

Motivated by the above, an FCS-MPC for CHB converters

under unbalanced power generation is proposed in this work.

This is designed to extract unbalanced power from the dc-

sources in a CHB converter while providing balance power

to the grid. To account for the common-mode voltage, the

proposed predictive controller is directly formulated in the

original abc-framework. This allows the controller to track

balanced current with an asymmetric inverter voltage, which

ensures an inter-phase power balance. To verify the effective-

ness and performance of this proposal, simulation results of a



three-phase two-cell CHB converter governed by the proposed

predictive control strategy are provided.

II. CHB CONVERTER MODEL

The CHB topology is comprised of a basic unit called cell,

which is a simple three-level HB converter. Thus, to extend

the voltage levels of the whole converter, several cells are

interconnected in series. To obtain the total output voltage,

each cell is electrically fed with isolated dc voltage sources as

shown in Fig. 1.

Considering a grid-connected CHB converter, by using

simple circuit analysis, the following continuous-time dynamic

equation for each phase current can be obtained:

diy(t)

dt
= − r

L
iy(t) +

1

L
(vy(t)− vgy(t)− vNo(t)) (1)

for all y ∈ {a, b, c}. Parameters r and L stand for the

resistance and inductance of the output filter. Moreover, vgy(t)
represents the grid voltage per phase, while

vy(t) =
n
∑

j=1

vyj(t) (2)

stands for the total converter output voltage per phase, in

which vyj(t) is the individual output cell voltage, and n is

the number of cells per phase. Additionally, vNo is the, so-

called, common-mode voltage, which is given by

vNo =
1

3
(va(t) + vb(t) + vc(t)). (3)

A. Control Input

In general, when using FCS-MPC for governing power

converters, it is common to consider the converter power

switches as control input [13]. When doing this, the output

voltage of each H-Bridge cell can be defined as

vyj = Vdc(Syj1 − Syj2). (4)

where y ∈ {a, b, c} and j ∈ {1, . . . , n}. Since each power

switch can adopt only two states, i.e., Syj1 ∈ {0, 1}, this

results in 22 switching combination per cell. Therefore, taking

into account (2), for a three-phase n-cell CHB converter, the

total number of switch combinations is given by

NSC = 26n. (5)

Thus, for the particular case of a two-cell CHB converter, a

total of 4096 input (power switch) combinations is obtained.

This represents a practical implementation problem of the

predictive controller, since it requires to evaluate all these input

combinations in the cost function to obtain the optimal one.

To address this issue, it is possible to take advantage of the

fact that some of these switch combinations generate the same

output voltage per phase. Therefore, in this work, the use of the

phase voltage levels as control input instead of power switches

is considered. Then, the cell output voltage in (4) becomes

vyj = Vdcvℓy, (6)
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Fig. 1. CHB schematic and block diagram of the proposed FCS-MPC.

where

vℓy ∈ V = {−n,−n+ 1, . . . , 0, . . . , n− 1, n}. (7)

With this approach, for a three-phase n-cell CHB converter,

the number of voltage level combinations, considering (2), is

given by

NV LC = (2n+ 1)3, (8)

which drastically reduces the input combinations when com-

pared to (4). For instance, for the two-cell case, we have now

only 125 input (voltage level) combinations.

B. Discrete-Time Model

In this work, the implementation of an FCS-MPC for a

CHB converter in the original abc-framework is proposed. To

achieve this, the system state is chosen as

x(k) =

[

ia(k)

ib(k)

]

∈ R
2, (9)

where ic(k) = −(ia(k) + ib(k)). Then, as previously men-

tioned, the control input is chosen as

u(k) =







vℓa(k)

vℓb(k)

vℓc(k)






,∈ U, (10)

which belongs to the finite control set

U = V
3. (11)

Therefore, by applying the so-called forward Euler discretiza-

tion to (1) with a sampling period of Ts, the following discrete-

time dynamic model can be obtained:

x(k + 1) = Ax(k) +Bu(k) + Evg(k) (12)

where

A =

[

1− rTs

L
0

0 1− rTs

L

]

,

B =
VdcTs

3nL

[

2 −1 −1

−1 2 −1

]

,

E = −Ts

L
I2×2,

(13)



in which

vg =

[

vga(k)

vgb(k)

]

is the balanced grid voltage vector, i.e., vgc(k) = −(vga(k) +
vgb(k)).

III. PROPOSED FCS-MPC OF A CHB CONVERTER

In this section, the proposed FCS-MPC is formulated.

Firstly, a general description of the predictive controller is

given. Then, proper voltage references to achieve the power

balance control target are derived.

A. Basic Principle

To implement the horizon-one FCS-MPC strategy, at each

discrete instant k, a measurement of the system state x(k) is

taken and then a cost function is evaluated for each control

input element in U as per (11). Normally, in power electronics,

the cost function only penalize the current tracking error. Then,

the control target is to achieve and keep a steady state reference

for the output current, i.e.,

x⋆(t) =

[

I⋆ sin(ωt)

I⋆ sin(ωt− 2π/3)

]

. (14)

Thus, the standard horizon-one cost function can be expressed

as (see [11]):

Jstd(k) = ‖x′(k + 1)− x⋆(k + 1)‖22, (15)

where x′(k+1) stands for the state predictions and ‖a−a⋆‖22 =
(a1 − a⋆1)

2 + . . . + (ap − a⋆p)
2, for a pair of vectors a, a⋆ ∈

R
p. As shown in [21], considering only the tracking current

error in the cost function leads, in general, to a high common-

mode voltage since several inputs generate the same output

current. To address this problem, in [21] voltage redundancies

are eliminated by selecting only the voltage vectors which

generate a low common-mode voltage.

Recently, in [22], an FCS-MPC design with guaranteed

performance has been proposed for power converters. Here,

the use of the input tracking error has been considered:

J(k) = ‖x′(k+1)−x⋆(k+1)‖22+σ‖u′(k)−u⋆(k)‖22, (16)

where u′(k) is the tentative input combination that generates

the prediction x′(k+1), and u⋆(k) is the required CHB voltage

to keep the current reference (14) in the steady-state. Here, σ
stands for the weighting factor that allows one to adjust a

desired closed-loop performance; see [22]. Consequently, the

optimal voltage level to be applied by the converter is the one

that minimizes the cost function, i.e.,

uop(k) = arg{min
u∈U

J(k)}. (17)

Consequently, the CHB converter, governed by (17), yields the

closed-loop equation

x(k + 1) = Ax(k) +Buop(k) + Evg(k). (18)

This procedure is repeated at each sampling instant using fresh

measurements of the currents and grid voltages. In Fig. 1, a

block diagram of this predictive control strategy is presented.

Notice that when the system state is near its reference,

x(k) ≈ x⋆(k), the first part of the cost function is almost

zero. Therefore, the second term becomes the predominant

term which defines the control action. This leads to an optimal

control input, uop(k), that tracks the input reference, u⋆(k),
during the steady-state.

B. Symmetric Voltage Reference

Here, the aim is to obtain balance sinusoidal currents, as per

(14), while maintaining a minimum possible common-mode

voltage. To do so, firstly, the steady-state derivative of the

current reference is obtained:

di⋆y(t)

dt
= ωI⋆ cos(ωt+ φy), (19)

where φy ∈ {0,−2π/3}. Then, evaluating the desired steady-

state condition in (1), and considering a null common-mode

voltage, i.e. v⋆No = 0, it follows that the required symmetrical

input to keep the sinusoidal reference in (1) is given by

v⋆ℓy(t) =
1

Vdc

(I⋆(XL cos(ωt+ φy) + r sin(ωt+ φy)) + vgy(t))

(20)

Consequently, to achieve balanced sinusoidal currents with a

reduced common-mode voltage, FCS-MPC is implemented by

using the proposed cost function, J(k) in (16), with x⋆(k) as

per (14) and

u⋆(k) =







v⋆ℓa(k)

v⋆ℓb(k)

v⋆ℓc(k)






. (21)

C. Unbalanced Power Source Reference

To highlight the benefits of the proposed cost function, J(k)
in (16), the control of a CHB converter with unbalanced power

in the dc-source is investigated. Here, the control target is to

extract different amount of power from each CHB converter

phase while injecting balanced power to the grid. This case

is particularly important for solar PV plants, which may be

affected with partial shading, see [9]. A standard approach

to achieve this control target is by enforcing a suitable zero

sequence voltage in the CHB converter output [9]. Thus, the

desired voltage reference can be expressed by

ṽ∗y(t) = v+y (t) + v0(t). (22)

Then, it is assumed that the nominal power that the PV

solar plant can provide, in a normal condition, is Pnom.

Then, to account for the reduction in power per phase, a

power generation ratio λy ∈ [0, 1] is introduced, i.e., a

maximum power of λyPnom/3 can be extracted for the phase

y ∈ {a, b, v}. Thus, the required balanced current, under a

reduced power source, can be obtained as per

I⋆ =
3

2

Pnom

V̂g

(λa + λb + λc)

3
, (23)
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Fig. 2. Simulation results of the proposed FCS-MPC. (a) grid voltages; (b) CHB output voltages; (c) CHB voltage references; (d) CHB line-to-line voltages;
(e) injected grid currents.

where V̂g is the amplitude of the grid voltage. Therefore, the

positive sequence component of the unbalanced CHB voltage

reference is

v+(t) = Vdcv
⋆
ℓy(t)

where v⋆ℓy(t) is obtained from (20) by using (23). Finally, the

required zero voltage sequence is given by

v0(t) = V̂ 0 sin(ωt+ θ0) (24)

where

V̂ 0 =

√
6∆

3(λa + λb + λc)

(

V̂g

√
3
)

, (25a)

θ0 =











































sin−1

(√
6 (λc − λb)

2∆

)

Sectors (I), (VI)

2π

3
+ sin−1

(√
6 (λb − λa)

2∆

)

Sectors (II), (III)

4π

3
+ sin−1

(√
6 (λa − λc)

2∆

)

Sectors (IV), (V)

,

(25b)

in which ∆ =

√

(λa − λb)
2
+ (λb − λc)

2
+ (λa − λc)

2
. For

the sake of brevity, details on how to derive the above zero

sequence voltage reference are not included in this work.

Further details can be found in [9].

Consequently, to extract unbalanced power from each CHB

converter phase while injecting balanced power into the grid,

FCS-MPC is implemented by using the proposed cost func-

tion, J(k) in (16), with x⋆(k) as per (14) with (23), and

u⋆(k) =







ṽ⋆ℓa(k)

ṽ⋆ℓb(k)

ṽ⋆ℓc(k)






, (26)

where

ṽ⋆ℓy(k) = v⋆ℓy(k) +
1

Vdc

v0(k).

Notice that for the balanced case when λa = λb = λc, the

common-mode voltage reference becomes vNo = 0, which

leads to the symmetric case presented in Section III-B, i.e.,

ṽ⋆ℓy = v⋆ℓy . A block diagram of the proposed predictive control

strategy is also included in Fig. 1.

It is important to emphasize that (25) is not the only

viable option to obtain v0. Any zero-sequence reference that

guarantees inter-phase power balance can be applied along

with the proposed predictive controller; see, e.g., [8]–[10].

IV. RESULTS

Simulation results of a three-phase two-cell CHB converter

governed by the proposed FCS-MPC are presented in this

section to validate the effectiveness and performance of the

proposed predictive controller. The main system parameters

are presented in Table I. Main results are presented in Fig. 2.

During the first 40ms, the predictive controller is tuned with

σ = 0, which is equivalent to use the standard cost function



Table II
STEADY STATE PERFORMANCE RESULTS

Balance case λa = 1, λb = 1, λc = 1 λa = 1, λb = 1, λc = 1 λa = 0.8, λb = 1, λc = 0.5

Weighting factor σ = 0 σ = 1e−6 σ = 1e−6

Phase a b c a b c a b c

CHB phase voltage (rms) [V] 3900.2 3904.2 3906.1 3920.5 3864.6 3919.5 4169.1 4993.6 2762.7

THDv [%] 31.4 32.3 32.4 26.7 26.8 25.9 26.3 21.5 36.8

Grid current (rms) [A] 875.4 876.1 874.7 875.2 875.6 874.2 666.7 673.8 671.0

THDi [%] 3.1 3.2 3.5 3.1 3.2 3.5 4.4 4.9 5.1

CHB Power [MW] 3.41 3.42 3.41 3.43 3.38 3.42 2.77 3.36 1.85

Total Power [MW] 10.24 10.23 7.98

Table I
SYSTEM PARAMETERS

Variable Description Simulation

Pnom Three-phase nonimal power 10 MW

vg Grid voltage (line-to-line rms) 6.6 kV

f Grid frequency 50 Hz

Vdc dc capacitor voltage per HB 3300 V

Lf Filter inductor 3 mH

fs Sampling frequency 5 kHz

fsw Average switching frequency per switch 272.2 Hz

fv Average switching frequency of vabc 1.63 kHz

Jstd(k) in (15). From Fig. 2c, one can clearly observe that a

large average value of the common-voltage is obtained. This

is also reflected in the CHB phase voltages Fig. 2b. To address

this issue, at the instant t = 40ms, the weighting factor is set

to σ = 1e−6. This immediately reduces the common-mode

voltage to a small value centered around zero, as shown in

Fig. 2b. As a result of this action, a symmetric three-phase

CHB voltage is achieved, as depicted in Fig. 2b. It is important

to emphasize that in both cases the same line-to-line voltage

is obtained (see Fig. 2d), which produces the same output

current (see Fig. 2e). This can be also observed from the data

presented in Table II. In both cases the output currents present

the same THD.

To verify the power balance performance of the proposed

predictive controller, at the instant t = 80ms a source power

imbalance of λa = 0.8, λa = 1, and λc = 0.5 is introduced.

This yields to a step-down in the output current reference

as per (23); see Fig. 2e. A zoom to the three-phase current

and inverter voltage is depicted in Fig. 3. To preserve the

well-known fast dynamic response of this class of predictive

controller, the wighting factor is tuned with a small value;

σ = 1e−6 in this case. Therefore, during transients the

controller has the priority of minimizing the current tracking
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Fig. 3. Zoom of Fig. 2 for iabc, vabc between 75 - 85 ms

error. Once this is achieved, i.e. x(k) ≈ x⋆(k), the first part

of the cost function is reduced, becoming comparable to the

second term. This yields to an optimal control input, u(k), that

minimizes the current error, while tracking the input reference,

u⋆(k), during the steady-state. This input reference accounts

for the required common-mode voltage a per (25). As a result

of this proper tuning, the predictive controller is extracting now

unbalanced power from the CHB converter while injecting

balanced power to the grid. The steady-state values of the

CHB currents, voltages, and powers per phase are included in

Table II.

V. CONCLUSION

In this work, a predictive controller for CHB converter

has been proposed. This predictive control strategy is able to

extract unbalanced power from the dc-source while injecting

balanced power to the grid, as verified by the simulation

results. This has been achieved by including an input tracking

error in the proposed cost function. The proper selection of the

weighting factor allows one to preserve the well-known fast

dynamic response of the predictive controller during transients



and achieve power balance in the steady state.
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