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Abstract—This work presents a predictive control strat-
egy for grid-connected Cascaded H-Bridge (CHB) con-
verters under unbalanced power generation among each
converter phase. The proposed controller belongs to
the Finite-Control-Set Model Predictive Control (FCS-MPC)
family and is designed to extract unbalanced power from
each CHB converter phase while providing balanced power
to the grid. The key novelty of this strategy lies in the
way the unbalanced power generation among the phases
is explicitly considered into the optimal control problem.
Power balance is achieved by enforcing the CHB converter
to work with a suitable zero-sequence voltage component.
The proposed predictive controller is directly formulated
in the original abc-framework to account for the common-
mode voltage. Simulation and experimental results are pro-
vided to verify the effectiveness of the proposed FCS-MPC
strategy.

Index Terms—NMultilevel converters, cascaded H-bridge
converters, DC-AC power converters, finite control set,
model predictive control, controller performance, power
quality, photovoltaics, smart grids.

[. INTRODUCTION

ULTILEVEL Converters (MCs) are an interesting tech-

nology for medium/high-voltage and high power appli-
cations [1]. Despite the fact that several MC topologies have
been proposed in the literature, they all present a common
feature: the ability to produce high quality voltage and current
waveforms at medium/high-voltage range by using power
switches rated at lower voltage values. To distribute the total
voltage among the internal power switches, special modulation
and/or control techniques are used. Thus, MCs are able to
provide a staircase output voltage with reduced dv/dt and
low harmonic distortion. This has allowed MCs to be used
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in several high power applications, such as high-power drives
[2], active power filters [3], renewable energy [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 CHB
converters. A distinctive feature of CHB converters is that
they are built upon cells, which comprises multiple isolated
dc-dc converters and H-bridges. This makes them particularly
suitable for the integration of solar PV plants to the electricity
grid, where several PV arrays are separately connected to each
cell [4]. Nevertheless, due to the large geographic footprint of
PV solar plants, they are likely to be affected by partial shading
and dust settlement. Hence, the maximum available power
in each PV string may differ. Therefore, a major operational
challenge for PV solar plants is to inject balanced power to the
grid under unbalanced power generation from each PV string.

In this context, several control strategies have been proposed
to govern CHB converters under unequal power generation
among phases [6], [8]-[10]. The control target is to achieve
an inter-phase power balance (symmetric sinusoidal currents)
as seen by the grid-side under a certain range of unbalanced
powers. To achieve this, standard approaches are realized
in several stages based on the well-known Voltage Oriented
Control (VOC) strategy [6], [8], [9]. Firstly, the converter
currents are rotated to a dg-framework. Secondly, standard PI
controllers are used to track the required dg-current references.
In a third stage, the dg-voltages provided by the controllers
are transformed into the original abc-framework obtaining
a symmetrical converter voltage reference, v/, . In a final
stage, a suitable zero-sequence component, v, is added to
ensure inter-phase power balance [6]. Finally, this reference,
Vabe = U, + v, is synthesized by a PWM stage.

In terms of modern control strategies for power converters,
Model Predictive Control (MPC) has emerged as a promising
alternative to govern power converters [11], [12]. 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 ability to consider constraints in the control
formulation, Finite Control Set MPC (FCS-MPC) is one of
the most popular predictive controller for power converters
[11], [13]. FCS-MPC directly considers the state of the power
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switches (or voltage levels) in the optimization as input
constraints [14]. Thus, no modulation stages are needed. To
obtain the optimal solution, one can evaluate all the possible
switch combinations in the cost function and then apply the
one which minimizes it. Some examples of recent predictive
controllers in power electronics can be found in [11]-[18].

FCS-MPC has often been proposed to govern grid-
connected power converters due to the fast dynamic response
that can be obtained [19]. In [20], the necessity of having
two control loops to regulate the dc- and ac-side of the
converter has been addressed using FCS-MPC. Here, the dc-
voltage regulation has been explicitly incorporated into the
optimal control problem by adding a proper reference design.
Furthermore, in [21], the fast dynamic response of FCS-
MPC is exploited to fulfill low voltage ride-through capability
requirements. Despite the advantages that the aforementioned
predictive control approaches offer, their control formulation
do not take the unbalanced power generation problem into ac-
count. Hence, existing FCS-MPC strategies for grid-connected
converters have not been designed for use in PV applications.

Motivated by the above, in this work, an FCS-MPC for CHB
converters under unbalanced power generation that extracts
unbalanced power from each converter phase while providing
balanced power to the grid is proposed. The key novelty of
this proposal lies in the way the unbalanced power generation
issue is explicitly taken into the optimal control problem. 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 currents while
synthesizing an asymmetric inverter voltage that ensures inter-
phase power balance. Therefore, no online frame-rotations
are needed by the predictive controller. Thus, the proposed
predictive controller exhibits a simple structure where no
frame-rotations and less cascaded control stages are required.
To verify the effectiveness and performance of the proposed
predictive controller, simulation and experimental results on a
three-phase two-cell CHB converter governed by the proposed
predictive control strategy are provided.

Il. CHB CONVERTER MODEL

The CHB converter topology is shown in Fig. 1. This
multilevel converter is comprised of a basic unit called cell,
which is a simple 3-level HB (3L-HB) converter electrically
fed with an isolated dc-source. For the particular problem at
hand, each dc-source is comprised of several PV strings as
depicted in Fig. 1. Since most of commercial PV modules
can withstand no more than 1 kV, dc-dc converters with high
frequency transformers are adopted as standard solution to
provide isolation between the active part and the grounded
frame [9]. To extend the output voltage levels, n-cells can be
cascaded in series, obtaining a maximum of 2n + 1 levels.

A. Continuous-Time Model

Considering a grid-connected CHB converter, by applying
simple circuit analysis of the converter topology shown in
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Fig. 1. Circuit diagram of the three-phase two-cell CHB converter.

Fig. 1, the following continuous-time dynamic model for each
output current can be obtained:

diy (1) T 1
zt = _le(t) + E(Ux(t) — gy (t) —von(?)), (D)
for all x € {a,b,c}. Here, L and r represent the inductance
and resistance of the output filter. Additionally, vg, (¢) stands
for the grid voltage per phase, v, (t) represents the CHB output
voltage per phase, and vg,(t) is the so-called common-mode
voltage, which is given by:

5 (alt) + 0 (0) + vel). @

For a generic n-cell converter, the total CHB output voltage
can be expressed in terms of each individual output cell
voltage, vy;(t), with j € {1,...,n}, via:

Von (t) =

o (1) = (). 3)

Jj=1

B. Control Input

In general, when using FCS-MPC for governing power
converters, the states of the converter power switches are
normally considered as a control input [14]. In this case, the
output voltage of each cell can be defined as:

Uxj = Vdeyj (Sxj1 — Syj2), “4)

where vqc,; is the isolated dc-voltage at the input of each 3L-
HB, and S, ;1 and S, ;> are the states of the upper switches,
e.g., Sq11 and Sg19 for cell-a; as shown in Fig. 1. Since each
power switch can adopt only two values, i.e., 5,1 € {0,1},
this results in 22 switching combinations per cell. Therefore,
taking into account (3), for a three-phase n-cell CHB converter,
the total number of switch combinations is given by:

Ngo = 27, 3)

Thus, for the case of a two-cell CHB converter, a total of
4096 input (power switch) combinations is obtained. This,
in fact, represents a practical implementation problem for the
predictive controller, since it is required to evaluate all these
input combinations in the cost function to obtain the optimal
one. Although powerful processors such as FPGAs and micro-
controllers are available to perform these calculations, power
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converters operate with sampling periods (7s) of approxi-
mately 0-200us [22], [23]. This typically limits the maximum
combinations that can be evaluated within 7 to a few hundred.
If the execution time (7;) exceeds T, then the controller
will suffer from undesirable task-overrun. To address this
issue, one can take advantage of the fact that some of these
switch combinations generate the same output voltage per
phase. Therefore, this work considers the use of the phase
voltage levels, vy, , as control input instead of the power switch
states. Thus, the total CHB output voltage in (3) becomes:

Vy = U, * Vey, (6)

where vy, € V={-n,—n+1,...,0,....,n —1,n}.
Now, for a three-phase 7-cell CHB converter, the number
of voltage level combinations, considering (6), is given by:

Nyice = (2n+1)3, @)

which drastically reduces the input combinations when com-
pared to (5). For example, for the two-cell case, we have now
only 125 input (voltage level) combinations.

C. Discrete-Time Model

In this work, the implementation of an FCS-MPC strategy
for a multilevel CHB converter in the original abc-framework
is proposed. To achieve this, the system state, at each discrete
instant k£, is chosen as:

w(k) = iw(k) = tbm : (8)

where i.(k) = —(iq(k) + ip(k)). Then, as previously men-
tioned, the control input is chosen as:
wa(kz)
Ugb(k)
Ugc(k)

which belongs to the finite control set:

u(k) = e, )

U=v3. (10)

Therefore, by applying the forward Euler discretization to (1),
the following discrete-time dynamic model can be obtained:

iab(k +1) = Aigy(k) + Bu(k) + Evg(k), (11)
where
Ao 11T 0 7
* T0 2 1_1%T51 T, |11 0 (12)
v s - - s
B==7"11 5 —1]’ E==T 1o 1]’

and vy = [vga(k) vgb(k)]T is the balanced grid voltage
vector which satisfies vge(k) = —(vga(k) + vgy(k)). Notice
that the common-mode voltage information is preserved in B.

[Il. FCS-MPC oF A CHB CONVERTER

In this Section, a general FCS-MPC framework based on
[24] is presented. To implement the horizon-one FCS-MPC
strategy, a measurement of the system state xz(k) is taken
and then a cost function is evaluated for each control input
element in U as per (10). Normally, in power electronics, the
cost function only penalizes the current tracking error. Then,
the control target is to achieve and maintain a steady state
reference for the output current, i.e.,:

I* sin(wt + ¢)

iy (t) = , 13
() I*sin(wt — 27/3 + @) (13)
where I* stands for the peak value of the current reference,
w represents the grid voltage angular frequency, and ¢ is the
desired current phase angle with respect to the grid voltage.
Thus, the standard horizon-one cost function can be ex-

pressed as (see [11]):
Jsta(k) = lligy(k +1) — gy (k + 1|13,

where i/, (k + 1) stands for the CHB current predictions
and || - ||3 represents the quadratic Euclidean norm, i.e.,
la —a*||3 = (a1 —a})® + ...+ (ap — a})?, for a pair of vec-
tors a,a* € RP. As shown in [25], 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 [25], voltage
redundancies are eliminated by selecting only the voltage
vectors which generate the lowest common-mode voltage.
However, this solution limits the ability to use redundancies
for inter-cell power balance purposes.

Recently in [24], an FCS-MPC strategy with guaranteed
performance has been proposed for power converters. Here,
the use of the input tracking error has also been considered
into the cost function:

J(k) = lligy(k+1) gy (k+ D)3 +ollu’ (k) —u*(k)[3, (15)

where u’(k) is the tentative input combination that generates
the current prediction i/, (k + 1), and u*(k) is the required
CHB output voltage to maintain the current reference (13)
in steady-state. Here, the weighting factor o allows one to
adjust a desired closed-loop performance; see [24]. Notice that
when the system state is near its reference, iq(k) ~ 05, (k),
the first part of the cost function is almost zero. Therefore,
the second term becomes the dominant term that defines the
control action. This leads to an optimal control input, u°P(k),
that tracks the input reference, u*(k), during the steady-state.
Consequently, the optimal voltage level to be applied by the
converter is the one that minimizes the cost function, i.e.,:

uP (k) = arg{min J (1)}

(14)

(16)

This procedure is repeated at each sampling instant using the
latest measurements of the currents and grid voltages.

IV. VOLTAGE REFERENCE DESIGN TO ACHIEVE
INTER-PHASE POWER BALANCE

In this section, a converter voltage reference to be included
in the proposed cost function is derived. This allows the
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predictive controller to extract different amounts 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 by partial shading, see [6].

A. Symmetric Voltage Reference

Firstly, the case of equal power generation between phases
is analyzed. Here, the aim is to obtain balanced sinusoidal
currents, as per (13), while maintaining a minimum common-
mode voltage. To achieve this, firstly, the steady-state deriva-
tive of the current reference is obtained:

di* (t)

X

dt
where 0, € {0,—27/3,+27/3}. Then, evaluating the desired
steady-state condition in (1), and considering a null common-
mode voltage, i.e., vjy = 0, the required input to keep the
symmetric sinusoidal reference in (13) is given by:

vp, (t) = %([*(XL cos(wt + Oy + ¢) s

+ rsin(wt + 0y +9)) + vy (1)),

= wl* cos(wt + 0, + ¢), (17)

where X; = wL. Consequently, to achieve balanced sinu-
soidal currents with a reduced common-mode voltage, the
FCS-MPC strategy is implemented by using the proposed cost
function, J(k) in (15), with ¢, (k) as per (13) and

19)

B. Voltage Reference Under Unbalanced Power Genera-
tion

A standard approach to achieve inter-phase power balance
under unbalanced power generation amongst the three phases
of the converter is by generating a suitable zero sequence
voltage at the CHB converter output terminals [9], which
yields to unbalanced inverter voltages. Thus, the desired
voltage reference can be expressed by:

oE(t) = vl t(t) +00(t).

(20)

Now, it is assumed that the nominal power that the power
source (e.g., PV solar plant) can provide, in a normal condi-
tion, is p3.4. Then, to account for the reduction in power per
phase, an inter-phase power generation ratio \y, € [0, 1], that
represents the maximum achievable power to be extracted, is

introduced, i.e.,:

Dx

T B 2n

In this work, A, is considered to be supplied by the inter-
accion between a standard Maximum Power Point Tracking
(MPPT) algorithm and the power reference generation. On
the one hand, the MPPT algorithm governs the isolated dc-dc
converter to extract the maximum available power from its PV
string by increasing or decreasing the current injected to the
dc-link. On the other hand, the external power reference gener-
ator is implemented to regulate each isolated dc-voltage, vacy;»

to the same targeted reference, vj.. Here, a standard control
strategy for the dc-dc converter and the power reference
generation, based on the well-known VOC with traditional PI
controllers, is adopted from [9], which allows one to generate
Ay as per (21). The block diagrams of the isolated dc-dc
converter control and the power reference generator are shown
in Fig. 2(a) and 2(b) respectively. Therefore, the required
balanced current, under an unbalanced power source, can be
obtained as per:

. 3p3e(atXt+A) 1
e ,
cos(¢)

2 Vy 3
where Vg is the amplitude of the grid voltage and the angle ¢
can be obtained from:

q
tan = .
(@) P3-6(Aa + Ao + A¢)

Consequently, the positive sequence component of the un-
balanced CHB voltage reference is:

vE () = vh - vg (D), (24)

where vtfx(t) is obtained from (18) by using (22) and (23).
Hence, the required zero sequence voltage is given by:

(22)

*

(23)

0°(t) = VOsin(wt + o) (25)
where
. VEA .
0
— - 2
v 3(/\a+/\b+)\c)(V9\/§)’ (262)
6 (A — A
sin~! % Sectors (I), (VI)
2w .1 \/6 ()\b - /\a)
0o = 3 + sin oA Sectors (II), (I1I)
4 V6 (Aa — o)
Ex + sin 5A Sectors (IV), (V)
(26b)
A= \/(/\a )74 (N = AP+ (e — M) (26¢)

For the sake of brevity, details on how to derive the above
zero sequence voltage reference are not included in this paper.
However, they can be found in [9].

Consequently, to extract unbalanced power from each CHB
converter phase while injecting balanced power into the grid,
the FCS-MPC strategy is implemented by using the proposed
cost function, J(k) in (15), with ¥, (k) as per (13) with (22),

and
07, (k)
u*(k) = | o3, (k)| (27
U7 (k)
where 1
oy, (k) = v}, (k) + —v° (k). (28)

Vde
Finally, a block diagram of the proposed predictive control
strategy is presented in Fig. 2(c).
Notice that for the balanced case when A\, = Ay = A, the
common-mode voltage reference becomes zero, i.e., vg,, = 0.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

+ + 1

D, ;: Duty cycle

MPPT

* Pag -
Vde 2

Poy Po
+ 1 A
e P3.4/3 b
Pbo -
Pe1 ™ De
P:sl,/x )"3
Y
Peo -

) (b)
9 Aa M Ac
} 4
Zero-Sequence
Reference Generator (26)

20

1/v5. igab Vgab
) v
Vg v, | AL
Ay
Py b " . . FCS-MPC
R]%fergnce Ye, +é [ 0 () Minimization | Sy;j

v B x| aw Ik 7
v, —H ink+y) | 0

¢ —

(©)

Fig. 2. Control implementation: (a) Standard control implementation
for de-dc converter, (b) power references generation, and (c) proposed
FCS-MPC control diagram with zero-sequence reference generator.

This leads to the symmetric case presented in Section IV-A,
ie, v; = vy . It is important to emphasize that (26) is
not the only viable option for the zero-sequence reference
19, Any zero-sequence reference that guarantees inter-phase
power balance (e.g., [6], [8], [9]) can be applied along with
the proposed predictive controller.

V. RESULTS

Simulation and experimental results are performed to an-
alyze both the steady-state and dynamic performance of the
proposed FCS-MPC strategy under unbalanced power genera-
tion. Moreover, these experimental results are compared with
a set of results that utilize a PWM-based PI controller. Unless
otherwise stated, the results here presented were obtained
considering a unity power factor.

A. Simulation Results

Simulation results of a three-phase two-cell CHB converter
governed by the proposed FCS-MPC strategy are presented
in this section. The results have been obtained by means of
MATLAB-Simulink and PLECS. The main system parameters
are presented in Table L.

1) Simulation-based Sensitivity Analysis: Figure 3 shows
the steady-state performance of the proposed control strategy,
in terms of common-mode voltage, for different values of the
weighting factor o. According to Fig. 3, a suitable value for
o, which results in an average value close to zero, Vg, ~ 0,

TABLE |
SYSTEM PARAMETERS

Variable Description Simulation Experimental
D3-¢ 3-¢ rated power 6 kW 6 kW
Vg Grid voltage (line-to-line rms) 430 V 430 V
f Grid frequency 50 Hz 50 Hz
Ve dc cap. voltage per HB 260 V 260 V
Cye dc capacitor 18 mF 18 mF
L Filter inductor 4mH* 4 mH*
r Filter resistance 0.1 Q 0.1 Q
Ts Sampling time 50 ps 50 ps
Te Execution time —— 30 us
fo Avg. switching freq. of vepe 6.5 kHz 6.4 kHz
1 0.04 pu.
200 E @
(@ > 150
. on
. I o=10"°
o =150 \ @
75 ¢ } }
10715 10710 107° 1

log()
Fig. 3. Simulation-based sensitivity analysis over: (a) average value of
von, against o; (b) common-mode voltage peak value against o.

and a minimum peak common-mode voltage, Ug, < 90, is
obtained when o € [107'2 1]. This gives one a large desing
margin without affecting the controller performance in terms
of the generated common-mode voltage. However, similarly
to a linear quadratic regulator, if o is too large, the controller
dynamic performance will be reduced since the second term
in the cost function (15) becomes the predominant one. Thus,
the converter will tend to apply an input close to its reference,
u(k) = u*(k), even during transients. This reduces the closed-
loop performance of the current tracking error (first term in
the cost function (15)). Therefore, the control weighting factor,
o, is also related to the aggressiveness of the controller (see
Section III.C in [24] and Section 3.2.4 in [14]). Consequently,
a value of o = 10~% was finally chosen.

2) Common-mode voltage minimization: Here, the main
results are depicted in Fig. 4. During the first 20 ms, the
predictive controller is tuned with ¢ = 0, which is equivalent
to using the standard cost function Jsq(k) as per (14). From
Fig. 4(c), one can clearly observe that a large average value of
the common-mode voltage is obtained. This is also reflected in
the CHB phase voltages as shown in Fig. 4(b). To address this
issue, at t = 20 ms, the weighting factor is set to 0 = 10—,
This immediately reduces the common-mode voltage to a
value centered around zero, as shown in Fig. 4(c), yielding a
symmetric three-phase CHB voltage, as depicted in Fig. 4(b).
It is important to emphasize that in both cases the same line-
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to-line voltage is obtained (see Fig. 4(d)), which produces the
same output currents (see Fig. 4(e)).
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Fig. 6. Experimental results of the proposed FCS-MPC strategy under

von, Minimization. (o is activated at t = 20 ms). (a) grid voltages, (b)

converter output voltages, (c) converter output voltage references and

common-mode voltage, (d) line-line grid voltage, (e) grid currents and (f)

weighting factor.

B. Experimental Results

The effectiveness of the proposed FCS-MPC strategy under
unbalanced power generation among the three phases is tested
in a 6kVA three-phase experimental setup (see Fig. 5). Each
3L-HB was fed by an isolated Ametek Elgar TerraSAS PV
simulator. The I-V curve of each PV simulator provides a
maximum nominal power of 1 kW at 260 V for the entire
emulated PV array. Since this work is aimed to analyze
the proposed controller performance under unbalanced power
generation, the dc-dc converters are not included in the lab-
setup. Therefore, an MPPT stage is no implemented; however,
the dc-voltages are still regulated by the power reference
generation (see Fig. 2(b)). The overall control strategy was
implemented on a dSPACE DS1106 system, where the pro-
posed predictive controller was programmed in C. To account
for the linear controllers, a PWM stage to trigger the power
switches was implemented in a DS5203 FPGA board. For
all cases here analyzed, the common-mode voltage, vg,,, was
indirectly obtained by adding each measured inverter phase
output voltage as per (2). The complete predictive control loop
is executed every 50 ps, while the optimal switching state is
computed in 30 us. An average switching frequency of 6.4 kHz
was obtained for the converter output voltage.

Firstly, the CHB converter is governed by using o = 0.
Figure 6(b) shows that the common-mode voltage presents a
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high value during the first 20 ms. When the weighting factor
oissetto o = 1076 at t = 20 ms, vo, immediately decreases
to a value around zero. Thus, the reduction of the common-
mode voltage is achieved while maintaining balanced three-
phase currents as shown in Fig. 6(e).

Figure 7 depicts experimental results obtained under a step
change in the dc-source power references from A\, = Ay =
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Fig. 9. Experimental performance of the standard VOC strategy under
unbalanced power generation. (a) grid voltages, (b) converter output
voltages, (c) common-mode voltage, (d) line-line grid voltage, (e) grid
currents and (f) inter-phase power generation ratios.

15

()

(b)

Fig. 10. Zoom of Fig 9 of the standard VOC strategy for the unbalanced
power generation step change showing (a) iqp. and (b) vqp. between
15 and 25 ms.

Ae = 1to Ay = 0.7, \p = 1, and A\, = 0.5. Consequently,
the grid current changes from maximum power extraction to
a peak value proportional to w while maintaining the
grid current and the output voltage around their references. In
detail, a zoom of the moment when a step change is applied
(t = 20 ms) shows that the current injected to the grid quickly
achieves its new reference (see Fig. 8(a)). Also, the output
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TABLE Il
STEADY STATE PERFORMANCE: EXPERIMENTAL RESULTS

Balance case =L =LAc=1[da =1, %=01LA=1]{2=07%=1,A=0.5

Weighting factor =0 oc=1e""® oc=1e""®

Phase a b c a b c a b c

CHB phase voltage (rms) [V] 366.0 364.2 348.9 |364.5 363.2 367.2 |355.6 4932 283.5

THD,, [%] 21.1 212 22.1 13.6 135 13.6 14.8 10.3 17.3

THD, (PS-PWM) [%] - - - 143 148 14.0 13.0 114 19.2

Grid current (rms) [A] 1.1 11.1 11.3 11.0 111 11.3 8.0 8.1 8.1

THD; [%] 3.1 33 33 3.0 3.1 35 46 4.6 5.0

THD; (PS-PWM) [%] - - - 2.8 2.6 3.1 4.1 3.8 4.3

CHB Power [kW] 203 2.02 1.97 2.00 2.01 2.07 142 1.99 1.14

Total Power [kW] 6.02 6.08 4.55
voltage responds by tacking its new reference as shown in 5000 ' ' ) .
Fig. 8(b). @ = o} (\“‘”"‘“‘@‘”‘*‘

The overall performance of the proposed method also relies = 5000 [ Vst i
on the ability to obtain fast dynamic response under transient - . . .
conditions while maintaining the standard THD values that 5000 I 7 7 W
the aforementioned PWM techniques (3 — 5%) offer in steady - iy
state [26]. Thus, the same operating conditions shown in (b E 0 W @ |
Fig. 7 were replicated using a standard VOC strategy, which is 25000 F . . . l
implemented using PI controllers in dg-framework combined 0 10 [20] 30 40
ms

with PS-PWM. These results are presented in Fig. 9. For
further details on the implementation of a standard VOC
strategy, the interested reader is refereed to [9] (specifically
Fig. 12 in [9]).

As can be clearly appreciated in Fig. 8, the proposed method
reaches the desired current reference practically immediately,
by applying the optimal output voltage vector that drives the
converter currents quickly to their references. In the same
way, Fig. 10 shows that the standard VOC strategy is slightly
slower when compared to the proposed FCS-MPC strategy.
Finally, Table II summarizes the steady-state performance
of the proposed controller including CHB voltages, currents,
their respective THDs and power generation per-phase. It is
important to emphasize that extracting different amounts of
power yields different voltage amplitudes in each phase, which
can be higher or lower than its nominal value. Also, in order to
tolerate unbalanced cases, normal operation of the converter is
designed below the point where THDs are optimal. For those
reasons, when a low phase voltage is required, the controller
leads the converter to operate in conditions where higher THD
values are obtained. The same issues are observed when using
linear controllers combined with PS-PWM.

To clearly analyze the closed-loop dynamic response of the
proposed predictive controller, a step change in the reactive
power (for the balanced case, ie., A\, = Ay = A = 1)
is presented in Fig. 11. Here, the reactive power is changed
from -4 kVAR to 4 kVAR, while the active power is main-
tained in 5 kW. One can clearly observe in Fig. 11 that the
proposed FCS-MPC provides a faster closed-loop dynamic
when compared to the standard VOC strategy. Moreover, the
predictive controller presents a flat response while the PI

Fig. 11. Experimental performance of (a) standard VOC strategy and (b)
proposed FCS-MPC strategy under reactive power flow direction step
change.

controller exhibits an overshoot. To reduce this overshoot, one
can decrease the controller bandwidth; however, this will lead
to a slower closed-loop dynamic.

Therefore, as evidenced by the experimental results, both
the proposed predictive control strategy and the standard VOC
strategy offer similar steady-state performance in terms THD.
However, the proposed FCS-MPC outperforms PWM-based PI
controllers when larger active and/or reactive power transients
are required; see also [21].

VI. CONCLUSION

In this work, a predictive control strategy for CHB con-
verters has been proposed. This approach is able to extract
unbalanced power from each CHB converter phase while
injecting balanced power to the grid. The key novelty of
this proposal is that the unbalanced power generation issue
is explicitly considered into the optimal control problem by
including an input tracking error in the proposed cost function.
The resulting control scheme presents a simple structure
with a lower number of cascaded control loops are required.
Moreover, the proper selection of the weighting factor allows
one to preserve the well-known fast dynamic response of the
predictive controller during transient conditions and achieve
the power balance in steady state, as verified by the simulation
and experimental results.
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The proposed solution (input tracking reference) can be
easily added to existing FCS-MPC embodiments which opens
the door to include interesting targets for grid-connected con-
verters for PV applications such as inter-cell power balance,
reactive power compensation, low voltage ride-through capa-
bility, etc.
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