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Decoupled Continuous Control Set Model Predictive
Control for T-Type Three-Phase Four-Leg
Three-Level Inverters Driving Constant
Power Loads

Yi Zhu
Yong Yang
and Jose Rodriguez

Abstract—The control coupling and stability of three-phase
photovoltaic systems with constant power loads (CPLs) are two
key technical issues that urgently need to be addressed. However,
current methods are difficult to solve both technical challenges
simultaneously. To address these issues, this article proposes a novel
decoupled continuous control set model predictive control (CCS-
MPC) strategy for LC-filter T-type three-phase four-leg three-level
voltage source inverters (3P4L-3L-VSIs) driving CPLs. The control
strategy is developed in a3~ frame. The model of 3P4L-3L-VSIs
is first transformed from abc frame to the a3~ frame to remove
the coupling effects in the abc frame. Then based on the decoupled
model in the a3~ frame, a novel CCS-MPC strategy is proposed
to provide balanced sinusoidal voltages. The o and 3 components
are regulated by the A, B, and C legs, while the zero-sequence
component is regulated by the N leg. To confirm the effectiveness
of the proposed strategy, both simulation and experimental results
are presented to verify the proposed decoupled CCS-MPC strategy.
The results show that the proposed control achieves low computa-
tional burden and total harmonic distortion and can increase the
stability margin especially for CPLs compared with the commonly
used PI-based control, PR-based control, and deadbeat control.
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I. INTRODUCTION

ITH the growing demand for sustainable energy sources
W worldwide, voltage source inverters (VSIs) have been
widely regarded as the preferred interface between dc distributed
power supplies such as photovoltaic panels and ac loads. To
achieve low total harmonic distortion (THD), three-level is
recommended for power converters [1]. Three-level technolo-
gies of VSIs can be achieved by neutral-point-clamped topol-
ogy, flying-capacitor topology, T-type topology, and a family
of modular multilevel cascaded topology. Among the various
three-level topologies, T-type topology, as shown in Fig. 1, is
preferred for three-level VSIs due to its distinct merits of fewer
components, high efficiency, and easy implementation [2]. As
a result, T-type three-level VSIs have gained wide attention
from both the industrial field and research field. To supply un-
balanced and nonlinear loads, the three-level four-wire voltage
source inverter is proposed, which has been widely employed
in energy storage systems. However, in order to eliminate the
zero-sequence component of output current, dc components
must be injected into the modulation signals [3], which is a
factor that can cause instability of the system. As a result, T-type
three-phase four-leg three-level voltage source inverters (3P4L-
3L-VSIs) are proposed for unbalanced and nonlinear loads [4].
Three of the four legs are responsible for regulating the output
voltage and the rest is responsible for eliminating the zero-
sequence components. As a result, with the control of the fourth
leg, the zero-sequence components can be decoupled from the
positive and negative sequences. However, the main difficulties
of the design of 3P4L-3L-VSIs lie in the control strategy due to
the THD and transient response requirement of modern power
grids [5]. Thus, the control strategies of 3P4L-3L-VSIs have
been extensively investigated.
The control strategies of T-type 3P4L-3L-VSIs can be catego-
rized as linear control strategies and nonlinear control strategies.
Linear control strategies usually perform in the dg frame or a5~y
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frame with a combined structure of proportional—integral (PI)
controllers and proportional-resonant (PR) controllers [6], [7],
[8], [9]. For instance, T-type 3P4L-3L-VSIs usually employ PI
control or PR control to regulate the output voltage. In order
to eliminate the steady-state error, PR control is preferred in
tracking the ac reference. Another commonly used method is to
apply the park transformation to the measured ac voltages and
references, thus, the ac values are transformed to dc values and
PI control can be used to regulate the output voltage without
steady-state error [8], [9]. However, the inertia produced by
PI-based controllers can cause limited dynamic performance
[10], bringing challenges to drive complex loads in ac grids.
Considering the nonlinear property of VSI systems caused by
the switching behaviors, dead zones, and the load systems, some
nonlinear control strategies have been proposed to improve the
control performance of VSIs. Yang et al. [11] proposed a novel
cascaded repetitive controller, which simultaneously achieves
excellent dynamic and steady-state responses. A deadbeat con-
trol of four-legs VSIs is proposed in [12]. The control strategy is
verified by nonlinear and unbalanced loads. Another important
issue of T-type three-level inverters is the neutral-point (NP)
voltage balance. For three-level power converters, when NP
voltage unbalance happens, the power quality will be affected.

As a nonlinear control strategy, model predictive control
(MPC) can achieve both fast transient response and good ro-
bustness compared with PI-based controllers when applied in
power converters [13], which has been applied in ac—dc [14],
dc—ac [15], [16], [17], dc—dc converters [18], [19], [20], and
motor drive systems [21], [22], [23]. MPC strategies can be
categorized as finite control set MPC (FCS-MPC) [24] and
continuous control set MPC (CCS-MPC) [3].

FCS-MPC is featured as a predefined FCS. A cost function is
defined and the best element is selected from the FCS according
to the rule of minimizing the cost function [25], [26]. Neutral-
potential (NP) balance is an important issue in FCS-MPC for T-
type three-phase three-level (3P-3L) VSIs. In [27], an improved
FCS-MPC for T-Type 3P-3L converters is proposed. The authors
propose a sector optimization method with combined virtual
vectors, which achieves NP balance and low THD. FCS-MPC
strategies are also studied for four-leg VSIs with unbalanced
load [28]. In [29], a weighting factor is introduced to the cost
function considering the need of the NP balance. However, the
tunning process of the weighting factor is time-wasting, and the
weighting factor can also be an unstable factor for the inverter.
Asaresult, Yang etal. [15], [30] proposed an FCS-MPC strategy
without weighting factors, which avoids the process of tunning
the weighting factor. To decrease the system complexity and
cost, Zheng et al. [25] proposed a current sensorless FCS-MPC
strategy for LC-filter VSIs. The load and inductor currents are
estimated online with system variables. The control strategy is
verified by various loads.

Different from FCS-MPC, CCS-MPC adopts continuous con-
trol sets instead of FCSs. In each control period, duty cycles for
each phase are calculated by solving the optimization problems
analytically with the Lagrange multiplier method or other ana-
Iytical methods [3], [26]. In [3], a CCS-MPC strategy for three-
phase four-wire three-level VSIs (3P4L-3L-VSIs) is proposed.

7003

NP balance is achieved by dc component injection. Compared
with FCS-MPC for 3P4L-3L-VSIs in [15], the online optimiza-
tion process is avoided by solving the optimization problems
analytically offline, which reduces the calculation burden of
digital controllers. In [26], the Lagrange multiplier method is
employed to solve the optimization problem analytically. Gener-
ally speaking, CCS-MPC can achieve low computational burden
and THD when applied in dc—ac converters.

Deadbeat control is another model-based control strategy as a
substitute for PI-based control strategies, which has been applied
to dc—dc [31] and dc—ac converters [12], [32]. Instead of calcu-
lating the duty cycle based on the optimization model, deadbeat
control generates the reference signal for pulse width modula-
tion (PWM) based on control error at the end of each control
period. When the model parameters in the control algorithm are
matched with the parameters in the physical system, low THD
and less computational burden can be achieved.

With the widespread use of motor loads or cascaded convert-
ers with voltage feedback regulation, the instability of power
electronic systems has become increasingly challenging due to
the negative impedance characteristics of these constant power
loads (CPLs) [33].

To address the stability issues caused by CPLs, much research
has been conducted to reveal the mechanism of the system
instability. In [34], a stability criterion based on the ratio of
source impedance and load impedance has been proposed. As
a result, the problem lies in the impedance modeling tech-
nologies of power converters. The researchers have proposed
the impedance model of VSIs in abc [35], dg [36], and se-
quence [37] frames. Yang et al. [38] showed that the voltage
source converters (VSCs) reach a high impedance in the low
frequency, which can cause crossovers of (-1,0j) in the Nyquist
plot of the source-load impedance ratio. As a result, works have
been done to shape the source converter’s output impedance
[39] or the load converter’s input impedance [40], [41] through
virtual impedance. The virtual impedance method is also applied
to ac systems to prevent the instability caused by the weak grid
[42]. Therefore, a consensus has been reached on improving the
stability of electrical systems under CPLs, which is to meet the
impedance matching principle of system stability by effectively
adjusting the output impedance of VSCs or the input impedance
of CPLs. However, the output impedance shaping effect of MPC
has not been considered right now.

In this article, a novel continuous control set MPC strategy
for T-type 3P4L-3L-VSIs is proposed. The control strategy
is developed in a3~ frame, which realizes zero steady-state
error. NP balance is achieved through zero-sequence voltage
injection in the N leg modulation signal. The control strategy
shows improved steady-state and dynamic performance when
driving unbalanced and nonlinear loads. Moreover, the control
strategy provides extra stability margin when driving CPLs. To
evaluate the practicability of the control strategy, considering the
computing power of digital controllers, the execution time and
THD of the proposed control strategy are compared with the
PI-based control in the dg frame [8], the PR-based control in
the abc frame [50], and deadbeat control [12]. The control
strategy proposed in this article takes less time than the PI-based
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Fig. 1. Topology of the T-type 3P4L-3L-VSIs.

TABLE I
RELATIONSHIPS BETWEEN SWITCH STATE AND OUTPUT VOLTAGE

Sy S; S; Ss Output Voltage
1 1 0 0 Vp

0 1 1 0 0

0 0 1 1 -V,

control and PR-based control and shows lower THD than both
of the three control strategies.

The rest of this article is organized as follows. Section II
presents the topology and mathematical model of T-type 3P4L-
3L-VSIs. The principles of the proposed FCS-MPC and the sta-
bility issue when driving CPLs are explained in Section III. Both
simulation and experimental results are presented in Section IV.
Finally, Section V concludes this article.

II. TOPOLOGY AND MATHEMATICAL MODEL

A. Topology of the Inverter

Fig. 1 shows the topology of T-type 3P4L-3L-VSIs. The
topology contains four legs, which are denoted as Phase A,
Phase B, Phase C, and Phase N. Each phase of the leg contains
four power switches, by controlling the ON—OFF sequence of
the power switches, three-level can be achieved. Vp and V7, are
the voltage of the upper dc-link capacitor and the lower dc-link
capacitor. V.4, Ve, and V. are the output voltage. iyq, i1, and
i1 are the output current. i .4, i .y, and i ... are the currents flowing
through the output capacitors. i,, iy, and i, are the currents on
the load. The filter inductance and capacitors are denoted as Ly
and Cy. It should be mentioned that the filter inductance of phase
N is denoted as L,,.

Table I illustrates the relationships between the ON—OFF states
of S1, S2, S3, 54 and the output voltage of the inverter. The output
voltage of phases A, B, and C is denoted as V,n, Vyn, and V. n.
In Table I, “1” means that the power switch is on while “0”
means that the power switch is OFF. When S, S2 is ON and S,
S, 1s OFF, the output of the bridge is connected to the “P” point
and the output voltage is V,,. When S, §3is ON and S, S4 is OFF,
the output voltage of the bridge is clamped to the neutral-point
voltage of the bus capacitors. When S3, S4 are ON and S, So are
OFF, the output of the bridge is connected to the “N” point and
the output voltage is V,, [3]. When the NP balance is achieved,
it can be assumed that V,, = V,,.

The relationships between the switch logic and the output
voltage are illustrated in Fig. 2. The current path can also
be developed according to the output voltage of the bridge.
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Fig. 2. Switch logic. (a) Output V). (b) Output 0. (c) Output V.
Fig. 3. Block diagram of the filter in phase a.

For simplicity, only the output voltage of a single bridge is
considered in Fig. 2.

It should be mentioned that the control strategy is developed in
the a5y frame. As a result, the system variables are transformed
into the a3~y frame with the Clark transformation, as is shown
in

cha 9 1 _% _% ‘/ca
Vol=2lo 2 —gl|w]. o
v) P4l

B. Mathematical Model of the Inverter

In(1), Vea, Veg, and Vi are Vg, Vep, and V. in o3y frame,
respectively. As Clark transformation is a linear transformation,
the model of the inverter in the abc frame can also be applied in
afy frame.

The block diagram of the low-pass filter is illustrated in Fig. 3.
Only the block diagram in phase « is considered as there are no
differences between phases «, 3, and 7.

To derive the system model, the dynamic of the energy storage
components should be considered first. It is worth mentioning
that considering the easy implementation of the CCS-MPC, the
series resistance of the filter inductance is ignored. The dynamic
of the filter inductance is derived according to Kirchhoff’s
second law

VaN cha Lf 0 0 d Z‘La
Viv | = (Ve |+ 0 Ly 0 )| i
Ven Vee 0 0 Ly iLc
—lo L, ol|Z|i.]. )
o o r,) %\,

It should be mentioned that the sum of the currents on each
is zero

i +imb + e +inn = 0. (3)
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In the normal state, the sum of the three-phase voltage is zero.
Thus,

Van +Ven +Von =0 4
Vca + Vcb + chc =0. (5)

Substitute (3), (4), and (5) into (2), then multiplying both sides
of (2) with (1) [12], we can derive

L0 0

d iLa Ly X VaN - choc
7 e | = UNES (1) Van —=Veg |- (0)
iy 0 0 i) V=V

The dynamic of the filter capacitors is also considered accord-
ing to the Kirchhoff second law

d choc Z.Loc _ia
NV | == [is—is |- )
dt Vc'y Cf iy — iy

It should be mentioned that the control signals of phase N are
generated according to the law

_Van + Vin + Ven

Vo = 3 3
Considering that
Vao + %o + ‘/co =0. (9)
As a result, we can derive
Vao = Van + VNO
‘/l)o:‘/I)N+VN0 (]0)
‘/;0 =Ven + VNo

which means that the control signals can be derived according
to the calculated voltages V,n, Vipn, and V p.

In (6) and (7), V¢a, Ve, and V. are the Clark transformation
of Vea, Vep, and Ve, ipg, irg, and i, are the Clark transfor-
mation of iz, iry, and irc. Von, Vg, and V., y are the Clark
transformation of V,n, Vi, and V.. iy, ig, and i, are the Clark
transformation of i, ip, and i..

III. PRINCIPLE OF CCS-MPC

A. Proposed CCS-MPC

The reference voltage of output filter capacitors is calculated
as

Vea™ (t) = Vi cos (wyest)
Vo (t) = Vi cos (wpest — 2F) (11
Vee' (t) = Vi cos (wrest + 2F)

where V., *(t), Vep* (), and V...*(¢) are the output voltage ref-
erence. V,, is the maximum value of output voltage. w,. is the
reference angular frequency. V.., V.3, and V., are derived by
applying Clark transformation to (11). A cost function is defined
according to the deviation of the output voltage

CF = (V" (k +2) — Via(k + 2))? + (vcﬁ*ae +2)
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2
(12)

In this article, x(k) means the value of state variable x in the
control period k. It is mentioned that there is a control delay
when implementing the control algorithm in the digital signal
processor (DSP) [44]. As a result, the cost function is defined
according to the deviation of the output voltage in the next two
control periods.

The key of MPC is selecting a duty cycle to minimize the cost
function. As a result, the output voltage in the following two
control periods (Veo(k+2), V.5(k+2), and V., (k+2)) should
be predicted. The discrete model of the three-phase four-leg
three-level VSIs is derived according to the dynamic equations
of the energy-storage components. The Euler method is applied
to discretize (6) and (7)

ira(k+1) =ipa(k) + f;(vaN(k) Ve (K)) (13)
Vea(k +1) = Voo (k) + CT;;(z'La(k) —ia(k)) (14)

where T’ is the time of a control period. Substitute k with k+1,

we can derive
T,
iLa(k + 2) = iLOé(k + 1) =+ f(VaN(k + 1) - Vw((k‘ + 1))

f
(15)

Vialk +2) = Vea(k + 1) + g;(m(k +1) —ia(k + 1)),
(16)

The load currents can be assumed as a constant in the adjacent
two control periods, as is shown in [12].

io(k+1) = iq(k).

Substitute (14) into (15), we can derive

a7

T2 T2
Vea(k+2) = .G, Van (k) + (1 — Lfcf> Ve (E)
2T, . _
+ o (iza(k) = ia(k)). (18)
¥

The duty cycle in each control period can be calculated by
minimizing the cost function in (12)

OCF OCF oCF
=0, =0, =0. 19
Van (B~ Vo (0~ 9V (B) )
By solving (19), we can derive
Vep(k+2) =Veg™(k+2) (20)

Vey (k42) = Voo (k + 2).

The output voltage references in the next two control periods
are calculated according to (11)

Veo " (k +2) = Vp, cos(wpest(k + 2))
Ve " (k +2) = Vi cos (wye st (k +2) — 2F)
Ve (k+2) =V, cos (w,.eft(k +2)+ 2?#) )

21
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Fig. 4.

Substitute (18) and (21) into (20), we can derive

2L
Van (k) = 7

L;Cy LiCy, .
- (1_ 1.7 )V‘“"(kH T2 Ve (B ¥2)
(22)

Vgn(k)and V., n(k) can also be calculated, as shown in (10)—(19).
The signals of power switches are generated by carried-based
pulse-width modulation (CBPWM) technology due to its dis-
tinct merits of easy implementation. The principle of CBPWM
is shown in Fig. 4.

The control diagram of the proposed CCS-MPC for three-
phase three-level four-leg converters is illustrated in Fig. 5.
The sampled values are transformed to a8y frame, and then
the output voltage reference is calculated according to (22). The
calculated reference V"0, V* 30, and V*,, is applied to the
inverter after an inverse Clark transformation.

It should be mentioned that the zero-sequence component of
the output voltage is regulated by phase N through (8) and (10).
NP voltage balance can be achieved when the zero-sequence
component of the output voltage is well-regulated by phase N,
which will be described in detail in the following section.

(ia(k) - Z'Loz(k))

B. NP Voltage Balance Control

To balance the NP voltage for the 3P4L-3L-VSIs, zero-
sequence voltage is injected into the modulation signals. In
3P3L-3L-VSIs, zero sequence current injection is achieved
through dc voltage injection in the voltage [3], [49]. However,
in 3P4L-3L-VSIs, the zero-sequence voltage can be directly
injected into the N phase modulation signal, which can be
expressed as

Van + Von + Ven
3
The injected zero-sequence voltage should satisfy the follow-
ing condition:
Vdc
2

where Vi, is the amplitude of the output voltage reference.
The injected zero-sequence voltage is calculated as

V. = {_‘/ﬁk*'vmax*(VP<VN)
offset % — Vinax " (Vp > V).

VN():_

- Vz)ffseb (23)

Vdc

+ Vmax* S V;)ffset S Vmax*

(24)

(25)
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As aresult, the zero-sequence voltage Vi set 1S positive when
Vp>Vy and negative when Vp<Vy. The NP balance can be
achieved through the zero-sequence voltage injection in the N
phase modulation signal.

C. Stability Analysis Under Constant Power Load

Fig. 6 shows the system diagram of the VSIs under PI control
[45]. The voltage outer PI loop regulates the output voltage
and the output current is regulated by the inner current loop.
It should be mentioned that the sampled voltages and currents
are transformed into the dg frame and the control is performed
in the dg frame.

The system can be depicted using the following equation:

67(8) = Gel (Gdei/i\L + G (iL,Ref _/{L)>
i Ref = —GeolL
/Z'\L = Gid&\—l— Gz‘i/i\o
U, = Gvdéll\Jr ZO/Z'\O

(26)

where G 4, is the delay matrix caused by the digital controller,
G 4e; 1s the decoupling matrix, and G, and G; are the voltage
controller and current controller, respectively. The transfer ma-
trix G4, Gy, Gyg, and Z,, can be derived by forcing some of the
variables 0 in (26), which is shown in the Appendix. Based on
the control diagram and (26), the output impedance of the VSI
can be derived as

()= (G2 ()
Uq Zqd Zqq) \lq)

In this article, the CPL is a motor driving constant torque
load. The load is counted as an ideal CPL, as a result, Z4, cpr.,
Zqd,cPLs Zgq,cp1, = 0. According to [46], the ac stability is fully
determined by the single input single output (SISO) return-ratio
of the d-d channel, as a result, to simplify the stability analysis
process, only the output impedance and the input impedance in
the d-d channel are considered. The amplitude of Z;4 cpr, will
decrease in the start process to overcome the friction, as shown
in Fig. 7(a).

Fig. 7(a) shows the bode plot of Z ;4 and Z 44 cp1,, and Fig. 7(b)
shows the Nyquist plot of Z4/Z 44, cp1, when the power level of
CPL varies. The small-signal model of the inverter is verified in
the PLECS simulation using the method explained in [43], as
illustrated in Fig. 7(a). The rated power of the CPL is 2200 W.
In the starting process, the amplitude of Z;4, cpr, decreases and
the Nyquist plot crossovers (—1,0j), which means the cascaded
system turns to instability in the starting process.

As a result, it is an essential issue to smooth the output
impedance of VSIs through nonlinear control strategies.

In the following part of this article, the mechanism that the
proposed CCS-MPC can smooth the output impedance of the
VSIs is explained. After Z-transforming (13), (14), (22), and
[47], we can derive

27)

Vo (2) 1 z-1

Zo(z) = io(2) - CiTs 22

(28)
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Fig. 5. Diagram of the proposed CCS-MPC.
TABLE I1
f PARAMETERS OF THE EXPERIMENTAL PLATFORM
+
‘ 4 Parameter Value
K id| + L -
Dc side voltage V. 600 V
A ) +. A Switching frequency 20 kHz
lo zZ 0 Vo Filter inductances phase A, B,and C L, 535uH
+ Filter inductance phase N L, 535uH
0 Filter capacitors Cy 4.4 uF
G + G. + G d G Dc capacitor Cyp, Ciow 2340 uF
v a del vd Reference angel frequency wy.s 50 Hz
- + Reference amplitude of output voltage V,, 282.8 V
Vo L Gdei l I
Fig. 6.  Pl-based control in dg domain. In addition, the output impedance Z;4 under the proposed

In the low frequency, considering the extreme case, s->0,
since z = ¢*T%, (28) can be reduced to

1 Tg/2xs

Zy(8) = ———F— .
(5) CiTs 1+ Ts s

(29)
Similarly, in the high frequency, considering the extreme case,
s->00, (28) can be estimated as

L
B C’fs'

The bode plot of (29) and (30) is shown in Fig. 8. The small-
signal model is also verified through ac sweep analysis in PLECS
simulation. Actually, the input impedance of the load system will
not remain constant at high frequency; it will increase with the
frequency [38]. As a result, the intersection of the impedances
will not happen. Then, according to [46], there is no crossover
of (-1,0j) in the Nyquist plot, which can ensure the stability of
the cascaded system.

Zo(s) (30)

MPC is compared with that under PI control, as illustrated in
Fig. 7(a). It can be observed that Z;; under MPC is smaller than
that under PI control in amplitude, which means that the inverter
can operate smoothly under disturbance when MPC is applied.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Simulation results are presented to verify the control strategy.
The simulations are done with MATLAB/SIMULINK software.
Also, experimental verifications and comparisons are presented
with the same parameters of the simulations, as shown in
Table II.

In the first case, a 120 € linear resistor load is connected to
the three-phase four-leg three-level VSI. The simulation result
is shown in Fig. 9.

Fast Fourier transform (FFT) of V., under a 120 € linear
resistor load is presented in Fig. 10. The harmonics are concen-
trated around 20 kHz, which is the switching frequency. As a
result, most of the harmonics are introduced by the switching of
MOSFETS.
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Fig. 10.  FFT analysis under linear load.

In Fig. 11, before 0.15 s, phase A of the inverter is supplying
a 1000 W resistor load while there is no load in phases B and C.
In0.15 s, a 1000 W resistor load is connected to phase B of the
inverter. Due to the sudden step-up of the load, the zero-sequence
component increases in the output voltage of the inverter.
The NP balance is also illustrated in Fig. 11(b).

In order to verify the current-tracking performance of the
proposed CCS-MPC, a nonlinear load, as displayed in Fig. 12,
is connected to the inverter. The inductor is set as 1.06 mH and
the capacitor is set as 390 uF. The resistor load is 70 €.

The output voltage and the output current of the inverter is
shown in Fig. 13. The corresponding FFT analysis is shown in
Fig. 14. The THD is 3.2737%, and the triple frequency harmonic
is introduced by the nonlinear current of the load.

To verify the effectiveness of the proposed CCS-MPC strat-
egy, a platform is built. The platform is built based on a DSP
TMS320F28374S. The output voltage V.4, Vep, and V.. are
sampled by isolated voltage sensors. The inductor currents iz,
irbs iLc, and output currents i, iy, i are sampled by hall current
sensors. The parameters of the platform are shown in Table II
and the picture of the platform is shown in Fig. 15.

A. Experimental Results of CCS-MPC

In order to verify the effectiveness of the proposed CCS-MPC,
experimental results are presented in this section. The proposed
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CCS-MPC is compared with the Pl-based control in the dg
domain proposed in [8] and the deadbeat control proposed in
[12].

First, the proposed CCS-MPC is verified on the platform
shown in Fig. 15. Fig. 16 presents the steady-state voltage of the
inverter under the proposed CCS-MPC. The inverter is supplying
a 1000 W balanced resistor load (120 €2 for each phase).

Fig. 17 shows the THD of the proposed CCS-MPC under
linear resistor load, which is almost the same as the simulation
result (1.604% and 1.7956%).

In order to verify the current-tracking performance of the
proposed CCS-MPC, the inverter is connected to the nonlinear
load, as illustrated in Fig. 12. The inductor is set as 1.06 mH and
the capacitor is set as 390 pF. The resistor load is 100 €.
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Fig. 14.  FFT analysis under nonlinear load.

As is shown in Figs. 18 and 19, due to the nonlinear current
caused by the nonlinear load, the third harmonic content in the
output voltage increases in Fig. 19. However, the CCS-MPC can
still track the output voltage reference with low THD, which
demonstrates the effectiveness of the proposed control strategy.

The experimental results of the dynamic performance of
the proposed control strategy are also presented. It should be
mentioned that the inductance and capacitance in the control
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strategy have been decreased to lower the THD and guarantee
the smooth operation of the inverter according to [3]. In Fig. 20,
the three-phase resistor load is switched from 0 W to 3000 W
and in Fig. 20(b), the load is switched from 3000 W to 0 W.
It can be observed there is almost no oscillation when the load
changes, which proves the good dynamic performance of the
proposed control strategy.

The NP-balance performance of the proposed control strategy
is also presented in Fig. 21. The NP-balance is achieved through
the control of the N bridge. A 1000 W resistor load is connected
to phase B as the simulation and the neutral point voltage is still
balanced. The deviation of V), and V), is within 10 V.
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B. Experimental Results of PI-Based Control in dq Domain

To demonstrate that the CCS-MPC proposed in this article is
better than the mostly common PI-based control for three-phase
four-leg three-level VSIs from the degree of THD and executing
time, the experimental results of PI-based control in dg domain
are compared with the proposed CCS-MPC.

The output voltage and its THD analysis are shown in Figs. 22
and 23. The inverter is supplying a 1000 W resistor load. Due
to the inertia of the Pl-based controller, the harmonic around
the 20 kHz (control frequency) increases. Compared with CCS-
MPC, the THD increases from 1.7956% to 2.0834%. Detailed
comparisons will be presented in Section IV-E.

The inverter under the PI-based controller is also connected to
the nonlinear load, as shown in Fig. 12. The output of the inverter
is illustrated in Figs. 24 and 25. Due to the nonlinear current of
the load and the inertia of the PI-based controller, there exists a
great deal of three-order harmonic in Fig. 25. The THD is high
(4.3217%) compared to the CCS-MPC proposed in this article
(4.1904%).
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C. Experimental Results of Deadbeat Control

Another commonly used model-based control strategy of the
three-phase four-leg three-level VSl is the deadbeat control [12].
The key of the control strategy is to predict the output current
and voltage at each control period and calculate the duty cycle
to track the reference. The prediction process can be explained
by the following equations:

C
iLa,Ref (k) = ia(k) + T(V*ca(k) — Van(k)) (3D
L
VaN,Ref(k) = V*ca(k) + ZT(iLa,Ref(k) - iLoz(k)) (32)

where i1 o Rref(k)is the reference inductor current in period k and
Va N, Ref(k) is the reference output voltage in period k.
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TABLE III
COMPARISONS OF THE CONTROL STRATEGIES

Control Strategy Steady-State CPL Exe?utlon time
THD THD in DSP
: CCS'I;gS;“ this 1.7956%  1.4481% 8 s
e oV €& 100V € ooV J[10.0ms |(10.0MS/s | @ S 150V
(. J(iioms L 27 Y Pl-based control in o .
Deadbeat control 1.8298% 1.5344% 7.8 us
Fig. 28.  Steady-state voltage under PR-based strategy (V.q, Vep, and Vee). P R'l;Zieg(f;z;flOl in 2.1759% 1.8204% 18.4us

Figs. 26 and 27 show the output voltage of the inverter under D. Experimental Results of PR-Based Control in abc Domain

deadbeat control. The THD (1.8298%) is higher than that of the Another commonly used control strategy for VSIs is the
proposed CCS-MPC. A more detailed comparison will be given  proportional resonance (PR) controller [48]. In this paper, the
in Section I'V-E. PR controller is also compared with the proposed MPC.
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Uo($)
io(5)

2o = GeiGaelGiiGud + GaeiGaelGiiGud + GeiGdetGidZo — GaeiGaetGidZ o (A11)

E + GeiGaerGida — GaeiGaelGid + GeiGev Gael God

The control structure can be found in [50]. The control is
conducted in the abc frame. The output voltage of the inverter is
regulated by the PR controller and the output current is regulated
by the PI controller. Only the fundamental frequency (50 Hz) is
compensated in the PR controller.

Fig. 28 shows the output voltage of the inverter under PR-
based control. The inverter is supplying a 1000 W balanced
resistor load. The THD in Fig. 29 is 2.1759%, which is larger
than the proposed control strategy(1.7956%). The THD results
of the inverter feeding CPL under PR-based control will be given
in the following section.

E. Comparisons of the Control Strategies

To confirm that the proposed CCS-MPC is better than the
existent control strategies illustrated in Section IV-B, IV-C, and
IV-D, detailed comparisons are given in Table III.

It can be seen that the CCS-MPC has the lowest THD among
the three control strategies under the same load (1000 W resistor
load or 2200 W CPL). The execution time of the three control
strategies is also measured in the DSP. Due to the complex
calculation in the PI-based control in the dg domain and the
PR-based control in the abc frame, the linear control strategies
take a longer time (12.8 us and 18.4 pus). CCS-MPC proposed in
this article and the deadbeat control take almost the same time
(8 ps and 7.8 ps).

The stability of the control strategy under CPL is also tested.
In Fig. 30, the converter is driving a 2200 W machine under
the control strategy in Fig. 6. The voltage loop turns unsta-
ble due to the negative impedance characteristics of the CPL.
However, the system is stable under CCS-MPC, as shown in
Fig. 31, which verifies the effectiveness of the CCS-MPC under
CPL.

V. CONCLUSION

This article proposes a novel CCS-MPC strategy for three-
phase four-leg three-level voltage source inverters. The control
strategy is developed in the o3 frame based on the decoupled
model of the three-phase four-leg three-level VSI. Compared
with the FCS-MPC strategy, the proposed control strategy adopts
offline optimization instead of online optimization, which can
reduce the computational burden of the digital controllers. The
control strategy is compared with the existent three control
strategies (PI-based control in dg domain, PR-based control in
the abc domain and deadbeat control), and the results prove
that the control strategy shows the lowest THD among the four
control strategies and takes less execution time compared with
the commonly used PI-based control and PR-based control. It
can also increase the stability margin compared with PI-based
control, which is verified by both simulation and experiments.

APPENDIX

The specific expressions of Ggei, Gaeis Gevs Geis Gids Giis
G4, and Z,, in (23) are given as follows:

1-0.5Ts+1/12T s> 0
2.2
Giel = 0T 2T s 1-0.5Tss+1/12T,2s2
0 14+-0.5Ts+1/12T. %52
(A1)
o 0 —U}Lf
Gaei = <w L0 ) (A2)
. k‘pv + k’w/S 0
ch - ( 0 kpu + ki’u/8> (A3)
kpi + kii/s 0 )
Gci — i i A4)
< 0 kpi + kii/s ¢
Gia=VaY (Y YL+E) ! (AS)
Gii= (Y .YL+E) ' (A6)
Goa =Vae(Y Y L+E)! (A7)
Zy= —Y(YYL+E)" (A8)

where w is the fundamental frequency of the output voltage and
E is the Identity matrix. Y, and Y, are impedance matrix of line
inductors and capacitors, which is defined as

. R+ SLf —’LULf

e ( wly R+ 3Lf> (A
o SCf —wa

Yo = (wa .SCf > . (A10)

Z 44 1s calculated as (A11), is shown at the top of this page.
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