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A General Constant-Switching-Frequency

Model-Predictive Control of Multilevel Converters
With Quasi-PS-PWM/LS-PWM Output

Dehong Zhou

Abstract—Classical model-predictive control (MPC) of multi-
level converters experiences poor steady-state performance owing
to the noninterleaved and variable-frequency switching manner. To
improve the steady-state performance of MPC, this article presents
a general constant-switching-frequency MPC scheme for multilevel
converters that can generate quasi-phase-shifted pulsewidth modu-
lation (PWM)/quasi-level-shifted PWM output waveforms and the
dc voltage utilization that compares well to that of the space vector
modulation. In the proposed MPC scheme, parts of switching pairs
of the multilevel converter are determined using the finite-control-
set MPC using a hexagon selection approach, while the rest of the
switching pairs of the multilevel converter are determined using the
multiple-vector MPC for the constant-switching-frequency opera-
tion. The deadbeat approach is employed to reduce the computation
burden of finite-control-set MPC. The basic concept of the proposed
MPC is evaluated in both simulation and experimental tests on a
five-level active-neutral-point-clamped converter.

Index Terms—Level-shifted pulsewidth modulation (LS-PWM),
model-predictive control (MPC), multilevel converter, phase-
shifted pulsewidth modulation (PS-PWM).

NOMENCLATURE
N Number of carriers.
x Phase = € [a, b, c].
Ude, Alge DC-link voltage and its difference.
Udel , Ude2 DC-link capacitor voltages.
Uy FC voltages.
u}, Aug, DC-link voltage difference and FC voltage ref-
erence.
INPz» & fa Neutral point and FC current of phase z.
INP Total neutral point current.
Ty Uzo Phase current and voltage.
LR Load inductance and resistance.

T, Sampling period.
Cac, Cy DC-link and flying capacitance.
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I. INTRODUCTION

ULTILEVEL converters have been extensively em-
M ployed in industrial applications, such as grid-tied in-
verters [1], energy storage systems [2], medium-voltage motor
drive systems [3], and so on [4], thanks to their advantages of
better output voltage quality, reduced switching losses, lower
dv/dt, and so on.

However, the design of modulation schemes, which map the
reference voltage to the duty cycle for each switching pair
of the multilevel converters, is always a challenging topic.
Carrier-based pulsewidth modulation (PWM), such as phase-
shifted PWM (PS-PWM) [5], [6] and level-shifted PWM (LS-
PWM) [7], and space vector modulation (SVM) [8], [9] are
extensively investigated in the literature.

The carrier-based PWM scheme is widely adopted because
of the simple implementation process. However, carrier-based
PWM has its intrinsic drawbacks. The utilization of dc voltage
is only 87% compared to SVM. To increase the dc-link voltage
utilization, zero-sequence voltage is always injected. However,
the calculation of the required zero-sequence voltage becomes
more complicated when the level of the converter gets higher.
Iterations of sorting and comparison must be processed [10].

An alternative to carrier-based PWM is the SVM, which can
also achieve good utilization of the dc-link voltage. However,
SVM is a more complex modulation scheme as compared to the
carrier-based PWM, especially when the number of switching
states is large. The control of the neutral voltage in SVM is
indirect and complicated. For example, the space vector diagram
for a five-level converter is divided into 96 small triangles. The
possible switching sequence should be individually analyzed for
neutral voltage balance [9]. Considering the massive computa-
tion required to locate the reference vector and determine the
dwell time calculation for each vector, the SVM design for the
multilevel converter becomes quite difficult.

Like modulation scheme design, the controller design is also
a challenging task. In the multilevel converter, the neutral point
voltage and phase voltage balance are always required in addi-
tion to output current control. Therefore, a multiobjective control
issue is always formulated to guarantee the stable operation of
the multilevel converter. To address this issue, the linear-system-
theory-based multiple proportional-integral (PI) or proportional-
resonant (PR) loops with PWM may be a possible choice [7],
[9], [11]. However, multiple PI/PR loops lead to tedious tuning
work, and the interactions of the different PI/PR loops may lead
to poor control performance.

Model-predictive control (MPC) can realize the optimal con-
trol of multiple objectives and has attracted growing inter-
est because of its advantages such as fast dynamic response,
straightforward realization, and easy inclusion of nonlinear con-
straints [12]-[16]. However, classical MPC realizes the mul-
tiobjective control of the multilevel converter by exhaustive
searching all the switching states in an online computational
stage. A flexible cost function, which includes all the control
objectives, is evaluated and minimized to determine the opti-
mal switching state. As a result, classical MPC provides good
dynamic performance and easy inclusion of nonlinearity and
constraint [17], [18].
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However, as the optimal switching state is selected in each
control period and applied to the multilevel converter during
the next entire control period, the classical MPC is featured
with a variable switching frequency that leads to voltage and
current spectra that are spread over a wide range of frequencies.
The resulting switching frequency changes as the sampling
frequency and reference are changed, and the maximum value is
limited to half the sampling frequency. Moreover, the switching
states of the classical MPC update in a noninterleaved manner,
which leads to inferior output waveform quality than that of the
linear controller with PS-PWM/LS-PWM.

As the constant-switching-frequency scheme brings several
advantages in the filter and heat sink size design, several works
on constant-switching-frequency MPC of the multilevel con-
verter are investigated [6], [16], [19]-[25]. The reference voltage
is calculated using the MPC scheme, while the duty cycle for
each switching pair was generated using PWM techniques [21]-
[24]. The modulation stage was excluded from the optimization
stage, and the complicated modulation scheme is also required.
In [19], the cost functions for the 27 vectors produced by the
three-level converter were evaluated, and the duty cycles for
each of the 24 sectors were calculated. Because of its heavy
computation burden, this method was complicated to extend
to other multilevel converters with a high number of voltage
levels. A multiobjective optimization MPC for load current
tracking and circulating current suppression was proposed for
the single-phase modular multilevel converter [6]. However, the
dc voltage utilization was only 87.5% of the SVM, since the
three-phase system is modeled as three single-phase systems.
A constant switching frequency was obtained by selecting an
optimal set of concatenated voltage vectors that were stored in a
lookup table as precalculated sequences [20]. The voltage vector
sequences were chosen over a fixed period, which resulted in a
fixed switching frequency. As the voltage level becomes large, it
became impractical as a huge table should be built. A constant-
switching-frequency MPC using the finite-control-set MPC con-
cept was presented in [ 16]. However, it was only applicable to the
controller evaluated at a very high sampling frequency, typically
400 kHz to achieve 10 kHz switching frequency, which imposed
a high requirement on the microprocessor.

By investigating the essence of PS-PWM and LS-PWM, this
article proposes a general constant-switching-frequency MPC
with quasi-PS-PWM/LS-PWM output for the multilevel con-
verter. It presents the dc voltage utilization that compares well to
that of the SVM. Combined with the deadbeat approach, the pro-
posed MPC method is easy to implement with a low computation
burden. The results of a five-level active-neutral-point-clamped
(SL-ANPC) converter are utilized as a case study to validate the
effectiveness of the proposed MPC methods.

II. FEATURES OF PS-PWM AND LS-PWM

To achieve a quasi-PS-PWM/LS-PWM output waveform, the
switching features of PS-PWM and LS-PWM should be ana-
lyzed. In PS-PWM, the carriers are interleaved with an angle
of 27 /N. For LS-PWM, several carrier configurations can be
implemented, namely the phase disposition PWM (PD-PWM),
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Fig. 1. Illustration pulse train generation of (a) PS-PWM and (b) LS-PWM.

the phase opposition disposition PWM, and the alternative phase
opposition disposition PWM.

In the application of multilevel converters, the PS-PWM
features balanced power loss and natural balancing of the flying
capacitor (FC) voltage. On the other hand, all three methods of
LS-PWM require active FC voltage balancing at switching fre-
quency. However, PD-PWM can produce higher output quality
than PS-PWM [26]. As such, both PS-PWM and PD-PWM have
been popular choices for multilevel converters depending on the
requirements of applications. In this article, PD-PWM is selected
as an example of LS-PWM in the analysis. The implementation
processes of both PS-PWM and PD-PWM are given in Fig. 1.

To implement PS-PWM, the voltage across different switch-
ing pairs should be the same. As presented in Fig. 1(a), the
duty cycle for each switching pair in PS-PWM is the same.
Therefore, the duty cycle generation process is simple. To
achieve a comparable output waveform of PS-PWM, the optimal
duty cycle obtained by the multiple-vector MPC algorithm [27],
[28] should be equally distributed to each switching pair. In the
multiple-vector MPC, the voltage vector is adopted to calculate
the optimal duty cycles, which leads to the same dc-link voltage
utilization as that of the SVM.

The pulse train generation process of LS-PWM is illustrated in
Fig. 1(b). As shown, the duty cycles of some switching pairs are
equal to 0 and 1. Only the optimal duty cycle for one switching
pair should be determined. To achieve a comparable output
waveform of LS-PWM, the classical finite-control-set MPC is
utilized to generate the gating signals of the switching pairs with
duty cycles of 0 and 1, and the multiple-vector MPC algorithm
is utilized to generate duty cycles for the one switching pair,
where its optimal duty cycle should be calculated.

III. PROPOSED MPC

As analyzed in Section II, the MPC of the multilevel converter
with the quasi-PS-PWM/LS-PWM output can be achieved by
the combination of the finite-control-set MPC and the multiple-
vector MPC. The commercialized available 5L-ANPC con-
verter [1], [29] is utilized as a case study to present the main
idea of the proposed MPC.

A. Mathematical Model of the 5L-ANPC Converter

The three-phase SL-ANPC topology, as shown in Fig. 2, is
a combination of an ANPC and an FC topology. Each phase
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Fig. 2. Topology of a SL-ANPC converter.
TABLE I
SWITCHING STATE OF A SL-ANPC CONVERTER
Swl/SxQ SxB S:r,4 Uzo Vx iNP;r, ifw
0 0 0 —uge/2 | -2 0 0
0 0 1 —uge/4 | -1 0 —ig
0 1 0 —uge/4 | -1 iz iz
0 1 1 -0 0 iz 0
1 0 0 0 0 iz 0
1 0 1 Uge/4 +1 iz —ig
1 1 0 Uge/4 +1 0 i
1 1 1 Uge/2 +2 0 0

VAVAVAV.-YAVA
AVAVAVAVA

V4 V1 Vi

(2) (b)

Fig.3.  Space vector diagram for MPC to generate a quasi-PS-PWM/LS-PWM
output. (a) Space vector with PS-PWM. (b) Space vector with LS-PWM.

of the SL-ANPC converter consists of eight switches and an
FC. S;1, S., Sz2, and S, require two switches connected in
series or high-voltage switches to bear a higher voltage, which
is the double of S5, S5, Sz4, and S.,,. S;1 and S, require the
same switching signal. The output voltage level and the current
direction corresponding to the switching state in the 5SL-ANPC
are summarized in Table 1.

In the SL-ANPC converter, the number of the voltage vectors
in the a3 frame is 8% = 512. Evaluating all the switching states
in the SL-ANPC converter will lead to a very heavy computa-
tional burden. In the proposed method, only the voltage vectors
in the vertex and center of the space vector diagram, as plotted
out in Fig. 3, are considered. Then, the voltage vector v for the
5L-ANPC converter can be simplified as a two-level converter,
and the voltage vector can be listed in Table II.

The output current model can be represented as

di
=L—+1 1
v dt+zR (D

where v = v, + jug and © = i, + jig.
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TABLE II
VOLTAGE VECTORS IN THE VERTEX AND CENTER OF THE ORIGINAL HEXAGON
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TABLE III
SWITCHING STATE SELECTION USING HEXAGON SELECTION

Voltage vector v Vo vg Switching state Sign o
v 0 0 000 o o o Switching states of Sg1S5p15¢1 Hexagon h
vy 2uge/3 0 100 >0 ] <0 | <0 (100) 1(I)
Vo Uge/3 V3ug./3 110 >0 | >0 | <0 (110) 2(11)
v3 —uge/3 V3uge/3 010 <0 | >0 <0 (010) 3(100)
vy —2ug./3 0 011 <0 >0] >0 (011) 4(1V)
V5 udC/S 7\/§udc/3 001 <0 <0 >0 (001) 5(V)
Ve —Uge/3 —\/gudc/f} 101 20 ] <0} >0 (ot 6(VI)
V7 0 0 111
computational burden. The desired voltage vector is calculated
( The 5L-ANPC converter J
as
SRS U
’ Sx1/Sx2 « ’L* —1 .
. v'=1L + 2R (@]
Look up - bfex A
Table 111 DCl—lmk }ITC i
Voltage voltage O 7oy gk Yok
A Balance Balance Where v . /U(X + jvﬁ and ’ Z(X +J2ﬂ
A Tt The desired voltage in the abc stationary frame can be repre-
I I
Vector Adjacent vor-vo2| Optimal Dut sented as
ir_| Hexagon |hii | Calculation |" | Virtual [ 3 P 1(|;na] uy % «
| Selection | in Selected Vector | ‘el yee Ua = Ua
H X Calculation
i |_Hexagon Selection
Finite control set & Six Basic | vF = — E’U* 4 ﬁ’l}*
MPC Vectors Multiple Vector MPC b — 9« D) B (5)
R v
Fig. 4. Control diagram of the proposed MPC with quasi-PS-PWM output. Ve = 2 Vo 2 vg-

The FC voltage can be expressed by
du fx
c
rr
where the FC current i 7, = (dyg — dga)iy.
The dc-link capacitor voltage difference can be written as

=lifa @)

Audc
dt

where Atge = Ude1 — Ude2 and inp = inpa + iNPy + INPe-

Cac = inp 3)

B. MPC With Quasi-PS-PWM Output

In PS-PWM of the SL-ANPC converter [30], S;1/S.2 op-
erates at the fundamental switching frequency. The carriers for
Sz3 and S,4 are interleaved with 180° phase shift. Therefore, to
achieve a quasi-PS-PWM output, S,1 /S, is the switching state
applied during the entire control period. The duty cycle for S35
and S,4 will be the same, as shown in Fig. 1(a).

To achieve a comparative output waveform of a PS-PWM
using MPC, the switching state of S /S.2 can be selected and
applied during the entire sampling period, while the duty cycles
of S,3 and S,4 are the same and should be calculated using
multiple-vector MPC [27], [28]. The full control diagram of
the proposed MPC with PS-PWM output is shown in Fig. 4.
The basic voltage vectors are the vectors on the vertex of the
hexagon, which are listed in Table II.

1) Sz1/Sz2 Selection: When one switching state in a con-
trol period is applied, the finite-control-set MPC is inherently
equivalent to deadbeat control [31]. As for S, /5.2 selection,
only one switching state in a control period should be deter-
mined, then the deadbeat approach can be adopted to reduce the

According to Table I, S,1/S;2 is O when the desired
output voltage will be negative, and S,;/S;2 is 1 when
the desired output voltage will be positive. The switch-
ing state of S,1515. can be determined by looking up
Table III. According to Table III, the desired hexagon can be
selected, and v.; = vy, /2.

2) Adjacent Voltage Vector Selection: After selection of the
switching states of Sy1/Sy2, d.3 and d,4 should be calcu-
lated. As the duty cycles for d,3 and d,4 are the same, d,,, is
defined as

dyzr = dm3 = dya. (6)

To simplify the calculation process, S35 and S,4 are consid-
ered as a whole and represented using virtual switching state
Sye- The virtual switching state S,, =1 when S35 =1 and
Sz4 = 1, and the virtual switching state S, = 0 when S35 = 0
and S;4 = 0.

If hexagon I is selected, the available hexagon is presented in
Fig. 3(a). To be general, the voltage vector v’ in the vertex and
center of the hexagon in hexagon h can be calculated as

v, =0;/2 4+ v (7
where i € {0,1,...,7}. The correspondent switching states of
voltage vector v’ are the virtual switching states Sy, SypSye.

vy = vk,

The proposed method for the optimal duty cycle generation
includes three steps: adjacent voltage vector selection, optimal
duty cycle calculation for the selected voltage vector, and the
duty cycle application to each switching pair in the identical
cell.

In the first step, the two adjacent voltage vectors lying in
the vertex of the selected hexagon should be selected. Herein,
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the two adjacent voltage vectors will be selected using a cost
function as follows:

Ji = (i, —ia(k + 1) + (i —isg(k +1)*  ®

where i, and i}, are the reference currents, and i, (k + 1) and
ig(k + 1) are the predicted current based on the system model.
The currents i, (k + 1) and ig(k + 1) can be predicted as

(v(k) — i(k)R)T
L
The current is predicted by substituting v}, (i € {1,2,...,6})
into v in (9). The cost function value, when v; is substituted, is
denoted as J;.
To selected the two adjacent virtual voltage vectors simulta-
neously, the cost function can be defined as

ie{1,2,...,6}

ik +1) = i(k) + )

gi = Ji +Jit1, (10

where J; = J;. By evaluating (10), two optimal adjacent voltage
vectors v, and v,o with the minimum cost function value will
be selected for duty cycle calculation.

3) Optimal Duty Cycle Calculation: The optimal duty cycle
is obtained based on the current tracking error minimization.
The slopes of the output current of the optimal adjacent vectors
can be expressed as

(1)

S1 = Z(’Uol — ZR)

Sg = l('UOQ — ’LR) (12)

L
where 81 = 541 + jsg1 and S = sS40 + jSg2.
Moreover, the current slope of the voltage vector lie in the
center of the hexagon can be obtained as

1
Sog = *(’Ucl — ’I,R)

7 13)

where sg = 540 + j530.
The predicted output currents at the end of the control period
can be expressed by

ia(k+1) =ia(k) + saiti + sa2t2 + Saolo
ig(k + 1) =ig(k) + sgit1 + spata + Sgoto.

(14)
15)

Then, the errors between the reference and the predictive
current in (8) can be represented using (14) and (15) as

Ea =l + Saiti + Saata + sao(Ts — t1 — t2) (16)
ep =1 + Spit1 + spata + spo(Ts — t1 — t2) a7
where i, = i¥, —i,(k) and ig = iy —ip(k).
The cost function (8) can be rewritten as
J=¢+e3 (18)

To obtain the minimized output current tracking errors, a
least-squares optimization problem is formulated to calculate
the optimal duty cycles. The optimal values of ¢; and 5 in (14)
and (15) should satisfy the minimum value conditions

oJ o]

— = — =0. 1
oty T Oty 0 (19)
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Therefore, the optimal duty cycles for current tracking can be
obtained by solving (19) as

(82 — 580)ia + (500 — Sa2)ip + (Sa2580 — Sa05p2)Ts

t p—
! (sp2 — $80)Sa1 + (S50 — $p1)Sa2 + (581 — $82)Sa0
(20)
ty = (550 — 551)ia + (Sa1 — 500)ip + (581500 — 5505a1)Ts
(882 — 8p0)Sa1 + (Sg0 — Sp1)sa2 + (51 — $p2)Sa0
(21)
to =T, —t; —tg. (22)

With the calculated duty cycle and the selected adjacent
voltage vector information, d,, can be obtained. According
to (6), the duty cycles for S;3 and S,4 can be obtained. The
space vector is directly utilized to calculate the optimal duty
cycles. Therefore, the dc voltage utilization of the MPC with
quasi-PS-PWM output is the same as that of SVM, however
with a much simpler implementation process.

4) DC-Link Capacitor Voltage Balance: Asshownin (3), the
dc-link voltage balance can be achieved by regulating current
inp. In the center of the selected hexagon h in PS-PWM, two
vectors are with the same phase and magnitude, that is, vj, =
v’. The de-link capacitor voltage balance can be achieved by
adjusting the duty cycles of v%, and vy,

The switching states of S,1, Sp1,and S.p are (1 0 0) in
hexagon I, and v’ is the vector when S,3 and S,.4 are ON, while
vy, is the vector when S35 and \S,4 are OFF. In hexagon I, v7 is the
vector when phase “a” is connected to the positive terminal of the
dc link and phases “b” and “c” are connected to the neutral point
of the dc link. The current will flow from the positive terminal
of the dc link to the neutral point of the dc link regardless of the
current polarity. In this case, inp is negative, and Aug. decreases.
In the same way, vy, is the vector when phase “a” is connected
to the neutral point of the dc link and phases “b” and “c” are
connected to the negative terminal of the dc link. The current
will flow from the neutral point of the dc link to the negative
terminal of the dc link regardless of the current polarity. In this
case, inp is positive, and Awug. increases.

Therefore, these voltage vectors have the same effect on
the output current control, but their influences on the neutral
point voltage are opposite. Hence, the neutral point capacitor
voltage can be balanced by rearranging the time distribution of
these voltage vector pairs. The amount of duty cycle for dc-link
capacitor voltage balance can be obtained as

Auj, — Auge

Udc

dbnp = kbnp (23)

where Audc = Udc2 — Udcl-
Considering the dc-link capacitor voltage, the duty cycle for
the center of the hexagon can be rearranged as

tp = to/2 — dpnp
t, = t0/2 + dpnp-

The range for ¢,/t, is [0,t]. If kpnp is larger, the dc-link
voltage will become balance with shorter time during the dy-
namic process. However, if ks, is too large, ¢,,/t,, is saturated.

(24)
(25)
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In this condition, only a five-segment pulse train will be gener-
ated, resulting in even-order harmonics. However, if ky,,,, is too
small, the voltage balance scheme is not effective. Therefore,
kynyp is selected using a heuristic searching method.

5) FC Voltage Balance: As the PS-PWM scheme is adopted,
the duty cycle for output current control of each part is the
same, as presented in (6). Therefore, the FC voltage is naturally
balanced in the quasi-PS-PWM output. However, because of the
nonlinearity caused by dead time and parameter mismatch in the
gate drivers, the FC voltage balance is required.

As S,3 and S, 4 are cascaded cells and the voltage across each
cell is the same, the balance of the FC voltage can be achieved
by adjusting the duty cycles of S35 and S,4. As long as the sum
of the duty cycles of S5 and .S.4 remains unchanged, the output
voltage will not be affected. The duty cycle applied for the FC
voltage balance can be denoted as

dofes = k’bfcsgn(iz)w

Uy

where sgn(x) is a sign function that extracts the sign of a real
number. If ky¢. is larger, the FC voltage will be balanced with
shorter time during the dynamic process. However, if k¢ is too
large, it will lead to the large oscillation in the FC voltage in the
steady state. However, if kj ¢ is too small, the three FC voltages
may be not balanced in the steady state. Therefore, k. is also
selected using a heuristic searching method. If the FC voltages
are around their references, the voltages across S,3 and S, are
the same.

The duty cycle for the FC voltage balance can be calculated

(26)

as
27
(28)

dy3 = dyy — dbfca:
d;v4 = dULE + dbfcx-

6) Pulse Train Generation: As analyzed above, the constant-
switching-frequency MPC with quasi-PS-PWM output includes
two steps during the duty cycle calculation process. In the
pulse train generation stage, pulse train generation can also be
divided into two steps. First, the switching state S;1/Sz2 is
determined by looking up Table III according to the selected
hexagon h. Then, the duty cycles for S, 3 and S,4 are obtained
using multiple-vector MPC. As the duty cycle for S5 and Sp4
is equally distributed, the multiple-vector MPC only need to be
implemented for one time. Therefore, the pulse train generation
process of the constant-switching-frequency MPC with quasi-
PS-PWM output can be illustrated in Fig. 5.

C. MPC With Quasi-LS-PWM Output

In LS-PWM of the ANPC converter [32], two switching pairs
are applied during the entire control period, and the duty cycle
will be generated for only one switching pairs, as shown in
Fig. 1(b).

1) Output Current Control: Two switching pairs can be se-
lected using the deadbeat approach. The duty cycle calculation
for one switching pair is required. S,1/S2 can be calculated
using the same method as Sector III-B1. The second switching
pair Sy, which will also be applied during the entire period,
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Fig. 5. Illustration of pulse train generation for each switching pairs of the
MPC with quasi-PS-PWM output.
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Fig. 6.  Control diagram of the proposed MPC with quasi-LS-PWM output.

can be obtained in the same way. The switching state can be
determined by selecting the hexagon h, within the hexagon A,
as shown in Fig. 3(b). The full control diagram of the proposed
MPC with quasi-LS-PWM output is shown in Fig. 6.

In the middle hexagon, the center of the hexagon has moved
from O to O’, as shown in Fig. 3. Therefore, the desired voltage
vector should also be represented using O’ as the beginning of
the desired voltage vector. Therefore, the desired voltage vector
in the selected hexagon “A” is adjusted as

vy =v" — v, /2. (29)

3 3 3 * * *
The desired voltages in the abc frame, i.e., v}, v}, and v}, of

v’ can be obtained using (5). The switching state of the second
switching pair S, can be selected by looking up Table III. The
voltage vector lies in the center of the selected hexagon and is
denoted as v, where v = vy /2 + vp /4.

The last step is to calculate the duty cycle of the third switching
pair S,,. After the two-step hexagon selection, the smallest
hexagon can be selected, as shown in Fig. 3(b). The voltage
vector in the smallest hexagon can be obtained by

v = v;/4+ ve (30)

where i € {0,1,...,7}.
The adjacent voltage vector selection from v and optimal
duty cycle calculation can be achieved in the same way as those
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TABLE IV
dy3 AND d,4 SELECTION TABLE

da:m > dzn dzm < da:n

> uk ’Lz >0 dz3 = dzn d14 - dzm

Ufa uf iy <0 de3 = dzm dey = den
] dgz = d dga = d

Wpn < UE 7zz >0 x3 Tm x4 xn

fz f i <0 dy3 = dan dpa = dem

in PS-PWM, which s presented in Sections I1I-B 2 and I1I-B 3. In
the MPC with quasi-LS-PWM output, the space vector is directly
utilized to calculate the optimal duty cycles. Therefore, the dc
voltage utilization is also the same as that of SVM, however with
a much simpler implementation process.

2) DC-Link Capacitor Voltage Balance: Similar to the dc-
link voltage balance method of the MPC with LS-PWM, in the
center of the selected hexagon kg in LS-PWM, two vectors are
with the same phase and magnitude, thatis, v(; = v%. The dc-link
capacitor voltage balance can be achieved by adjusting the duty
cycles of v{j and v%.

3) FC Voltage Balance: Unlike the PS-PWM-based method,
the FC voltage in the MPC with quasi-LS-PWM output is not
naturally balanced. To guarantee the stable operation of the 5L-
ANPC converter, a proper control scheme must be implemented.

As the voltages across S;3 and S,4 are the same, the FC
voltage balance can be achieved by assigning the duty cycles
dym and d,, to d;3 and d4. The FC voltage value is related to
the direction of the phase current and the duty cycle of d,,, and
dr,. For example, if uy, should increase to reach its reference
at the conditions of i, > 0 and d,,, > d.,, then d,, and d,,
should be assigned to d,.3 and d,4, respectively. Other cases can
be analyzed in the same way. Then, the FC voltage balance can
be achieved using a simple algorithm, that is, by assigning d .,
and d,, to d,3 and d,4 according to Table IV.

4) Pulse Train Generation: The constant-switching-
frequency MPC with quasi-LS-PWM output includes three
steps during the duty cycle calculation process. In the pulse train
generation stage, it also includes three steps. The switching
states of S;1/S.2 are determined using the hexagon selection
method by looking up Table III. For duty cycles for S,3 and
Sz4, One is obtained using the hexagon selection method and
the other is obtained using the multiple-vector MPC. The exact
duty cycle for 5,3 and S,4 is determined by considering the FC
voltage balance. Therefore, the pulse train generation process
of the constant-switching-frequency MPC with quasi-LS-PWM
output can be illustrated in Fig. 7.

D. Delay Compensation

In digital implementation of MPC, there is one-step delay
between the commanding voltage vector and the applied voltage
vector [33] caused by the computation. The two-step prediction
should always be implemented to compensate the computational
delay to eliminate its adverse effect. Other than the compensation
for the output current control, the FC voltage compensation
is also required, especially for the MPC with quasi-LS-PWM
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TABLE V
SIMULATION AND EXPERIMENTAL PARAMETERS

Simulation Values Experiment Values
DC-link voltage: Vpco 1500V 1%5Ye! 160V
Load inductance: L SmH Load inductance: L 1 mH
Load resistance: R 48.8 Q Load resistance: R 99 Q
Output Frequency: fo 60 Hz Output Frequency: fo 60 Hz
DC-link capacitance:Cy. | 1500uF | DC-link capacitance:Cy. | 1500uF
Sampling period: T’s 100us Sampling period: T’s 100us
FC capacitance: C'¢ 50 pF FC capacitance: C'y 50 pF
Dead time of IGBTSs 1.5us
Dead time of GaNs 0.1us
output. The FC voltage can be compensated as
upe(k+1) = upa (k) + (das(k — 1)
— dyy(k — 1) Tuin(k)/Cs. (31

The calculated FC voltage at time instant k + 1 serves as the
initial state of the FC voltage to compensate for the computation
delay to reduce the FC voltage ripples.

IV. SIMULATION RESULTS

To validate the effectiveness of the constant-switching-
frequency MPC with quasi-PS-PWM/LS-PWM output, simu-
lation studies have been carried out in the MATLAB/Simulink
environment. To simplify the presentation, the MPC with quasi-
PS-PWM output is denoted as the MPC with PS-PWM, and the
MPC with quasi-LS-PWM output is denoted as the MPC with
LS-PWM in the following text. The parameters of the simulation
and experimental tests are presented in Table V. The equivalent
switching frequency of PS-PWM is N f. (N = 2), while the
equivalent switching frequency of LS-PWM is f.. To achieve a
fair comparison of the two MPC methods, the same equivalent
switching frequency of the two MPC methods is designed, the
carrier period of PS-PWM is set to N7, and the sampling point
is set to both the top and bottom of each carrier. The carrier
period of LS-PWM is set to T, and the sampling point is set to
the bottom of the carrier. In this way, the sampling frequency
and equivalent switching frequency of the MPC with PS-PWM
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Fig. 8.  Steady-state control performance for (a) MPC with PS-PWM and (b)
MPC with LS-PWM. For each figure set, from top to bottom are load currents,
output voltages, FC voltages, and dc-link capacitor voltages.

and LS-PWM are the same, and both are 10 kHz. ky,,, is set to
9, and Ky, is set to 0.3.

First, the steady-state performance at an output power of
30 kW is utilized to test the performance of two MPC methods.
As shown in Fig. 8, both methods can achieve stable operation of
the SL-ANPC converter with balanced dc-link capacitor voltage,
balanced FC voltage, and well-regulated output current. It can
be seen that the MPC method with LS-PWM output presents
smaller current ripples, while the MPC method with PS-PWM
output presents smaller FC voltage ripples. These characteristics
are the same with the linear controller with LS-PWM and
PS-PWM, indicating that the proposed MPC with LS-PWM/PS-
PWM presents the steady-state output waveforms that compared
well to LS-PWM/PS-PWM with a linear controller.

In order to further compare the performance of the two MPC
methods, the harmonic spectra of the load current are presented
in Fig. 9. With the same sampling frequency and switching
frequency, the load current total harmonic distortion (THD)
of the MPC method with PS-PWM is 3.77%, while that of
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Fig. 9. Steady-state control performance for (a) MPC with PS-PWM and (b)
MPC with LS-PWM. From top to bottom, waveforms are the load current and
its spectrum.

the MPC method with LS-PWM is 1.06%. It can be seen that
the output current quality of the MPC method with LS-PWM
presents a much better output current quality. With the proposed
MPC method, the constant switching frequency of MPC can
be achieved. The current harmonics concentrate on around 10,
20, and 30 kHz, which are in accordance with the times of the
equivalent switching frequency.

Other than the steady-state performance evaluation, the dy-
namic response of proposed MPC methods is also tested. As
shown in Fig. 10, the output power is changed from 15 to
30 kW. During the large operation point step changes, the
S5L-ANPC converter with both MPC methods operates smoothly.
On the other hand, fast dynamic performance is achieved in
both cases, indicating that the fast dynamic performance of
MPC is maintained. As shown in Fig. 10, the magnitude of the
output voltage vector can reach the maximum output voltage
magnitude of the SVM, where 863.5V = Udc/\/g = 866 V.
Under this condition the equivalent duty cycles of each phase
dy = “ + “ + “ are saddle waveforms, which are the
same W1th SVM Thus the dc utilization of the proposed meth-
ods is comparable with that of SVM.

V. EXPERIMENTAL RESULTS

A 5L-ANPC-converter-based prototype, as shown in Fig. 11,
was built in the laboratory to verify the proposed constant-
switching-frequency MPC with quasi-PS-PWM/LS-PWM out-
put for multilevel converters. A dSPACE MicroLabBox DS1202
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Fig. 11.

Experimental setup.
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Fig. 12. Steady-state control performance with delay compensation for (a)
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voltages, and selected hexagon h.

was adopted to implement the digital control, and a slave Xil-
inx was applied to generate the gate signals for each switch
and implement the analog-to-digital conversion. S, /S, was
implemented by insulated-gate bipolar transistors (IGBTs) (In-
fineon IKQ50N120CT2), while S,.3/S,4 was implemented by
GaN devices (GaN Systems GS66516). In the following tests,
all the variables are directly measured by current and voltage
probes. In the experimental verification, the sampling frequency
and the switching frequency of the two MPC methods are the
same as those designed for the simulation.

One of the major concerns for MPC is the heavy compu-
tational burden caused by exhaustive searching of the voltage
vector that minimizes the cost functions. As the deadbeat ap-
proach is adopted to determine parts of the switching pairs, the
cost function evaluation time is reduced to 6. The computation
burden of two MPC methods is tested using the dSpace profiler
3.8. It takes 8.84 us to implement the MPC with LS-PWM,
while it takes 9.56 s to implement the MPC with PS-PWM. The
computational burden of both methods only takes less than 10%
of the sampling period. The computational burden is acceptable,
and the computational burden of the MPC with LS-PWM s 7.5%
smaller than that of PS-PWM.

The steady-state control performance with and without delay
compensation of the two MPC methods is tested in Figs. 12
and 13. As shown in Fig. 12, both MPC methods can achieve
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a stable operation of the SL-ANPC converter. The FC voltages
are balanced at around uq. /4, and dc-link capacitor voltages are
balanced at around uq./2. The output voltage u,, is with five
stages in both methods. The hexagon switches smoothly in both
methods, indicating that the fundamental frequency operation
of S;1/Sy2 is achieved. The current ripples of the MPC with
LS-PWM is smaller than that of the MPC with PS-PWM, which
agrees with the simulation results. On the other hand, the FC
ripples of the MPC with PS-PWM is smaller than that of the
MPC with LS-PWM, which also agrees very well with the sim-
ulation results. To verify the delay compensation performance,
the results of the two methods without delay are presented in
Fig. 13. It can be seen that the output current quality of both
methods distorted without delay compensation, where the THD
of the MPC with PS-PWM increases from 4.25% to 4.50% and
that of the MPC with LS-PWM increases from 1.61% to 2.18%.
Moreover, the FC ripples of the MPC with LS-PWM increase
significantly from +5 to £157V, indicating the necessity of
delay compensation for the FC voltage balance in the MPC with
LS-PWM.

In order to further validate the steady-state performance of the
two MPC methods, the phase “a” current harmonic spectra of the
MPC methods are presented in Fig. 14. The data were sampled
using an oscilloscope at 1-MHz sampling rate and analyzed
using MATLAB. The phase “a” current THD of the MPC with
LS-PWM is 1.61%, while the THD of the MPC with PS-PWM
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Fig. 14.  Fast Fourier transform results of phase “a” current: (a) MPC with
PS-PWM,; and (b) MPC with LS-PWM. For each figure set, from top to bottom
are load current and its spectrum.

i8 4.25%. The current harmonics is concentrated at around 10,
20, and 30 kHz, indicating that the constant switching frequency
is achieved. The MPC with LS-PWM presents smaller current
ripples, which agrees with the simulation results, indicating that
the quasi-LS-PWM/PS-PWM output waveforms are achieved
using the proposed MPC methods.

Other than the steady-state performance tests, the dynamic
performance of the two MPC methods is tested and presented in
Fig. 15. During the dynamic performance, the current reference
is changed from 4 to 8 A at 0.05 ms. It can be seen that the
SL-ANPC converter is stable during the large operation point
step changes in both cases. The FC voltages and dc-link capacitor
voltages are balanced during the dynamic. The number of the
hexagon switches smoothly even during the dynamic, indicat-
ing the fundamental frequency operation even during current
reference step changes. The transient response of the MPC with
PS-PWM/LS-PWM is very fast, indicating that the advantage of
the fast dynamic response in the MPC is maintained. Zoomed
waveforms during the load current reference step change from
4 to 8 A are presented in Fig. 16. As shown in the figure, it takes
only 0.6 ms to reach its reference in both methods, indicating
the fast response in step change of the current reference.

To validate the dc-link voltage and FC voltage balancing ca-
pability of the proposed MPC with PS-PWM/LS-PWM, exper-
imental results from unbalanced to balanced capacitor voltage
conditions are presented in Figs. 17 and 18. As shown in Fig. 17,
the two capacitor voltages are not balanced with a 20-V offset
at the beginning, and they become balanced in 30 ms after the
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(a) MPC with PS-PWM and (b) MPC with LS-PWM.

dc capacitor voltage balancing method is applied, indicating the
effectiveness of the dc-link voltage balancing of the proposed
MPC methods. The FC voltage balancing capability of the
proposed MPC with PS-PWM/LS-PWM is presented in Fig. 18.
In the figure, two FC voltages are not balanced with the 10-V
offset at the beginning, and they become balanced very quickly
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after the FC voltage balancing method is applied, indicating
the FC voltage balancing capability of the proposed MPC with
PS-PWM/LS-PWM method.
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VI. CONCLUSION

In this article, a constant-switching-frequency MPC for the
multilevel converter was proposed. By considering the feature
of PS-PWM and LS-PWM, the switching pairs of the multilevel
converter were categorized into two groups. The switching pairs,
which should be applied during the entire control period, were
regulated using finite-control-set MPC, while the ones, which
should be operated at a constant switching frequency, were
regulated by the multiple-vector MPC. The proposed MPC
method was easy to implement and had quasi-PS-PWM/LS-
PWM output waveforms while retaining the benefit of MPC.
Furthermore, the dc voltage utilization of the proposed MPC
was comparable to that of the SVM. With the employment of the
deadbeat concept, the computation burden could be significantly
reduced. The experimental results on a S5L-ANPC converter
were presented to validate the effectiveness of the proposed
method. The proposed MPC method can be considered as a
good candidate for high-performance control of the multilevel
converter, where fast dynamic and quasi-PS-PWM/LS-PWM
steady-state performance is desired.
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