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A Hybrid Model Predictive Control With Integrated
Phase-Disposition and Phase-Shifted PWM for an
Inner-Interleaved Hybrid Multilevel Converter

Yufei Li

Abstract—This article puts forward a hybrid model predictive
control (H-MPC) for an inner-interleaved hybrid multilevel con-
verter (IHMC). The sign patterns of the original and shifted ref-
erence vectors in the original and virtual space vector diagrams
(VSVDs) are used, respectively, to realize the phase-disposition
pulsewidth modulation (PWM) and determine the low-frequency
switching states. Then, the three adjacent vectors are selected
in the second-layer VSVD and the optimal current tracking is
safeguarded by the duty cycle optimization of the three adjacent
vectors. Finally, through applying the phase-shifted PWM to the
two interleaved legs, a constant and doubled equivalent switch-
ing frequency can be achieved, which further paves the way for
dc-link and floating capacitor voltages balancing and circulating
current mitigation with the use of the straightforward duty cycle
adjustments. The proposed H-MPC enables the decoupling of the
low- and high-frequency stages in the IHMC and also reduces both
output current ripples and computational burden while achieving a
constant switching frequency simultaneously. Comprehensive sim-
ulation and experimental studies on an all silicon carbide prototype
verify the effectiveness of the proposed control strategy.

Index Terms—Hybrid multilevel converter (HMC), inner-
interleaved, model predictive control (MPC).

NOMENCLATURE
HMC Hybrid multilevel converter.
CHB Cascaded H-bridge.
MMC Modular multilevel converter.
ANPC Active-neutral-point-clamped converter.
FPGA Field programmable gate array.
IHMC Inner-interleaved hybrid multilevel converter.
PEBB Power electronic building block.

SVD/VSVD  Space vector and virtual space vector diagram.
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Model predictive control.

Conventional/hybrid model predictive control.
Low-/high-frequency stage.

Pulsewidth modulation.

Phase-disposition pulsewidth modulation.
Phase-shifted pulsewidth modulation.

Space vector modulation.

Total harmonic distortion.

Three phases, j € {a, b, c}.

Power switch index, x € {1, 2, ..., 10}.
Indices of the VSVDs, m,n € {1, ..., 6}.
Load resistance and inductance.

External dc-source voltage.

DC-link capacitor voltages.

Deviation of dc-link capacitor voltages.
Interleaved and equivalent inductance.
DC-link and floating capacitance.

Voltages and currents of floating capacitors.
Currents of the dc-link capacitors.

Three-phase and total neutral point currents.
Converter phase and circulating currents.
Currents of the interleaved legs.

Voltages of the interleaved legs.

Power switches in each phase.

Switching states of phase j and power switches.
Duty cycles of the power switches.

Control or sampling period.

Converter voltage and current vectors.

Variable y at k time instant.

Equivalent output voltages of the IHMC.
Reference modulation wave of M;7/M 9.

Phase angle of the PD-PWM modulation wave.
Modulation wave/index of the equivalent volt-
age.

Angular frequency and current initial phase.
Reference vector in the o5-frame.

First- and second-layer virtual reference vector.
First- and second-layer transfer vectors.
Chosen adjacent virtual vectors.

Dwell time and duty cycles of the virtual vectors.
Virtual switching states of S;7/S ;9.

Virtual duty cycles of M;7/Mjg.
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The ith virtual switching state of S;7/Sj9.
Transition duty cycles of M;5 and M;7/Mq.
knp Coefficient of dc-link voltages.

kjcir Coefficient of circulating current.
dnp Duty cycle adjustment for dc-link voltages.
djcir Duty cycle adjustment for circulating current.

I. INTRODUCTION

HE emerging hybrid multilevel converter (HMCs) [1] find

widespread applications in the renewable energy genera-
tion systems [2], [3], electric power transmission systems [4],
electrified transportation systems [5], etc. Compared with the
multilevel converters using one particular PEBB [6], HMCs
enjoy the merits of various PEBBs thanks to the arbitrary
combination of them [7]. In particular, the inner-interleaved
hybrid multilevel converter IHMCs), with the partially inner-
interleaved topology, feature additional benefits such as in-
creased output voltage level, reduced device current stress, mod-
ularity [8], etc. Despite indisputable advantages, the integration
of various PEBBs complicates the control of HMCs, especially
the IHMCs, which therefore, needs in-depth research to enhance
the controller in dealing with multiple control objectives, such
as capacitor voltages regulation, output current quality improve-
ment, and inner-circulating current suppression.

To date, the control of HMCs predominately uses the PD-
pulsewidth modulation (PWM) [9], PS-PWM [10], [11], or
SVM [3], [12], which, although simple and mature, suffers from
inherent drawbacks. For instance, the zero-sequence injection
approach can be used to increase the dc voltage utilization ratio
of the PD-PWM or PS-PWM [9], [13]; however, the mathemati-
cal complexity experiences an exponentially increasing manner.
The SVM, on the other hand, when applied to HMCs, can
result in massive calculation burden. In addition, the difficulty
of balancing dc capacitor voltages or fulfilling multiple control
objectives, complicated controller parameters tuning due to the
coexistence of multiple control loops, and the cross-coupling
among various control loops may all lead to tremendous com-
putational complexity and poor system performance.

Since its inception [ 14], the MPC has been applied to nearly all
power electronic applications over the past few decades [14]-
[17]. Due to its remarkable advantages, such as fast dynamic
response, straightforward implementation concept, compatibil-
ity with the nonlinear nature of converters, the multitasking
capability [16], etc., MPC is suitable to address the challenges to
control HMCs. However, there are two major issues associated
with the MPC when applied to HMCs:

1) The necessity to evaluate the exponentially increasing
switching states of the HMC significantly burdens the
processor resources, which can make it impractical to
complete the whole algorithm within each control iteration
using the state-of-the-art processors [16].

2) Applying only one switching state over each control period
results in a relatively low ratio of the switching frequency
to the sampling frequency, e.g., usually ranging from 1/4
to 1/5 [18], [19], which severely degenerates the current
tracking performance and leads to variable equivalent
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switching frequency, which further translates into diffi-
culties in filter design [19].

As a result, it is impractical to improve the switching fre-
quency by unlimitedly increasing the sampling rate, so as to
improve the current tracking, since the sampling frequency will
eventually reach the limitation of the processor, especially when
it comes to the emerging wide bandgap (WBG) devices, such as
the silicon carbide (SiC) or gallium nitride devices, which need
comparatively high switching frequency to fully exploit their
low power loss potentials.

In an effort to address these issues, a broad range of research
has been conducted. On one hand, a simplified MPC strategy
involving the geometric positioning approach can theoretically
pushup the sampling rate to 60 kHz, such that the high-frequency
feature of the WBG power devices can be entirely exploited
[19]. To cut down computational burden in MMCs [20] and
CHB converters [21], the dc capacitors voltages sorting ap-
proach is employed, which can effectively reduce the calculation
burden to an acceptable extent. Another path to enhance the
operation efficiency is to employ faster control platforms, e.g.,
FPGA, to implement the MPC, which also significantly reduces
the processing time [22]. On the other hand, to advance the
steady-state performance, the long-horizon MPC is introduced
in [23], which nevertheless encounters exponential increase of
calculation burden when the prediction horizon increases. The
authors thereby present a modified sphere decoding algorithm
to drastically enhance the computational efficiency. However,
as it can be observed from the implementation process, the
long-horizon MPC still remains a mathematically complicated
approach [18]. In [24], the sampling cycle is divided into N
parts, enabling insertion of N voltage vectors within each control
period, such that the current tracking can be improved. However,
the performance of this method depends largely on the circuit
parameters. An improved MPC method that combines the ref-
erence trajectory tracking and its derivative trajectory tracking
together is presented in [25] to reduce the voltage total harmonic
distortion (THD). In addition, the virtual-vectors-based MPC
method has also been extensively studied to improve the steady-
state performance [7], [26]-[28]. Whereas, there are several
shortcomings associated with this approach. First, due to the
control cycle subdivision, the pulse pattern may be asymmetric
[27], which may lead to unnecessary switching actions and less
competitive current quality. Second, the design of the virtual
vectors scope seems to vary significantly on a case-by-case basis
[28]. Third, synthesis of the virtual vectors results in higher
switching frequencies, which leads to further power losses,
unless the WBG devices are used [7].

In addition, to achieve a constant equivalent switching fre-
quency, the harmonics of the output current are shaped into
concentrated harmonic groups by a notch filter [14], [29] or
other period management method [30], [31]. However, these
reshaped harmonics are limited to the frequency barrier set by
the sampling frequency, i.e., half of the sampling frequency.
In other words, the modification of the harmonics can only be
conducted within the half sampling frequency range. When it
comes to HMCs, the sampling frequency is very hard to be
too high to provide enough degree of freedom for regulations
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Fig. 1.

Nine-level IHMC connected to the RL-load.

of current harmonics. Moreover, the output current can reveal
obvious regulated frequency oscillations when applying these
methods [29]. Based on the concept of optimal duty cycle
control proposed in [32], the three-vector-based MPC [33] or
the multivector MPC [34] for motor drives are brought forward
recently, which are also capable of achieving both satisfactory
steady-state performance and a constant switching frequency.
Unfortunately, these abovementioned approaches cannot be di-
rectly used in HMCs because of the enormous number of expo-
nentially increasing voltage vectors and the difficulty in shaping
symmetric switching patterns.

To this end, this article presents a hybrid model predictive
control (H-MPC) for a nine-level IHMC, which integrates the
PD-PWM and PS-PWM within itself and overcomes aforemen-
tioned inherent obstacles of the C-MPC. Compared with the
C-MPC, the proposed method can enable the decoupling of
the LFS and HFS in the IHMC and reduce both the output
current THD and computational burden while fulfilling con-
stant switching frequencies. The remainder of this article is
organized as follows. Section II presents the circuit analysis
and modeling of the IHMC. Section III analyzes the integration
of the PD-PWM and PS-PWM in terms of floating capacitor
balancing. Section I'V elaborates the proposed H-MPC strategy
on a step-by-step basis. Sections V and VI validate the proposed
method through comprehensive simulation and experimental
studies on an all-SiC prototype. Finally, Section VII concludes
this article.

II. THMC CIRCUIT ANALYSIS AND MODELING

This section analyzes the nine-level IHMC and aims to lay
the groundwork for the proposed control strategy elaborated in
the following sections.

A. Circuit Analysis

Fig. 1 illustrates the topology of the nine-level IHMC, which
outputs nine voltage levels when the dc voltages are ug. 1 =
ugc_2 = Uqc/2 and uge_j1 = Ugc/4. Table I enumerates all the
switching states, which indicates that M;;—M;4 can work at
fundamental switching frequency to reduce switching losses,
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TABLE I
SWITCHING STATES OF THE IHMC

Switchi LFS HFS
L (S (S (Se) (Sp) (Sio)

8 (Upl2) 1 1 1 1 1 U2 Ul2 0 0
1 1 1 1 0 U2 Uidd 0 iy

TOUA) 1 1 1 0 1 Uds U2 0 iy
1 1 1 0 0 Uu4d Uud 0

6 (Usl4) 1 1 0 1 1 U4 Uidd i —i
1 1 0 1 0 U4 0 i —i

S(Ual®) 1 0 0 1 0 Uild i —ip
1 1 0 0 0 0 0 i 0

40 0 0 1 1 1 0 0 i 0

a 0 0 1 1 0 0 —Uud i ip

3CUL) 1 0 1 -Ud4 0 &
- 0 0 1 0 0 -Upd -Udd i i

20U 0 0 1 1 -Udd -Upld 0 —i
5 0 0 0 1 0 -Uwd -Ui2 0 —iy

LEU) g0 0 0 1 —Uy2 -Udd 0 —iy
0CU/) 0 0 0 0 0 —Ui2 ~Ug2 0 0

the IHMC can thereby be split into an LFS and HFS working at
fundamental and high switching frequency, respectively.

It is noteworthy that though the nine-level IHMC topology
investigated in this article evolves from the internal parallel
converter (IPC) topologies presented in [8], it fundamentally dif-
fers from the former ones. First, compared with the half-bridge
(HB) IPC (HB-IPC) in [8], the nine-level IHMC in this article
has half voltage stresses of the HB-IPC in the HFS. Second,
compared with the flying capacitor (FC) IPC (FC-IPC) in [8],
the nine-level IHMC in this article has two fewer power devices
when outputting a nine-level voltage. Also, voltage stresses
across devices of the HFS and the current stresses of M;7—M g
are also reduced; these facts enable the option of using lower
cost devices with lower voltage or current ratings.

Further, comparisons between other nine-level multilevel
topologies and the nine-level IHMC are also hereby investi-
gated. Fig. 2 illustrates a variety of both classical and emerging
multilevel converter topologies, including the CHB and MMC
topology [10], the flying capacitor converter [35], the hybrid
MMC [4], the nine-level ANPC [36], the five-level ANPC
cascaded with H-bridge [2], the T-type converter cascaded
with H-bridge [3], the ANPC cascaded with H-bridge [37],
the stacked T-type converter [38], the T-type ANPC converter
[9], the FC-IPC [8], and the nine-level IHMC in this article.
Table II lists comparisons of the above nine-level topologies in
terms of LFS, HFS, inductors, and FCs count. As shown, the
nine-level IHMC has the lowest device count, even when taking
into account the extra interleaved inductors. Table III exhibits
the comparison of capacitor energy storage, a common practice
for comparisons [9], for these topologies. As it can be seen,
although the conventional CHB and MMC have lower capacitor
energy storages compared with other topologies, the calculation
does not take into account the dc-link capacitors. Except the
CHB and MMC topology, the nine-level IHMC has the lowest
energy storage among other topologies.

Since the interleaved topology inherently brings about circu-
lating current, leading to additional power loss and exacerbating



LI et al.: H-MPC WITH INTEGRATED PHASE-DISPOSITION AND PHASE-SHIFTED PWM FOR AN INNER-THMC

T

LR

L - ;
t. Ule‘
=

U8 UiB UpB8 U8 N
CHB MMC
(@) (b)
+
1 2 6U,/8 8 | k U, /4
FEF T HEEE)
i NIRWNIE S5
7U,/8 U./8 oL
C - HMMC
© )
f 2U,/8 —

Lt U8 U8 N o U
- ANPC-9L - ANPC-5L-H
(e (M
T/ (LT T’\k_kk L (T
U”‘I/-&\ tk to U, ﬂ:: tk:: to
(Rt iry Pt
Uu/d  Udld T U4 Uu
T-H s ANPC-H

+ 1 2_ L 4
FEES

(8)

ooy
fhEEd

(h)

N 'l o
- 3, 111/8 U, ([0/8 Ud/ 4 U(Ic/8
S-T B T-ANPC
(i) ()
pe +
T\ v T\

U’,(_»—t ==—g%$bo
_________ PNIEE
!L U,[(/4 °__l UI/(/4
FcC-IPC " Nine-Level IHMC
(k) M

IfQL—I
Fot
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the system efficiency, the interleaved inductors are of great
significance in reducing the circulating current. Over the past few
years, the design of interleaved inductors has been extensively
investigated in the interleaved converter family [39]-[44]. In
general, the lowest limit of the interleaved inductance is framed
by the peak amplitude of the circulating current. As discussed
in [39] and [40], the interleaved inductance should be able to
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TABLE II
COMPARISON OF VARIOUS NINE-LEVEL MULTILEVEL CONVERTERS

Device Count

Topology

LFS Switch  HFS Switch FC Inductor
CHB 0 16 4 0
MMC 0 16 8 2
FCC 0 16 7 0
HMMC 4 8 4 2
ANPC-9L 4 8 3 0
ANPC-5L-H 4 8 2 0
T-H 0 12 2 0
ANPC-H 4 10 2 0
S-T 0 16 6 0
T-ANPC 4 10 4 0
FC-IPC 4 8 2 2
Nine-Level IHMC 4 6 1 2

TABLE IIT

COMPARISON OF CAPACITOR ENERGY STORAGE

Topology Energy Storage
2
CHB s=4£(%) =iCUﬂ_2
2\ 8 32
2
MMC 828%((%) —% U,’
7 2 2
FCC g:cz iYee| 1.6V —QCUW2
240 8 2\ 2 32
2 2
HMMC €=4'%[%j +2§(U;) —SCUJC2
3 2 2
ANPC-9L e:gz iYu) 4.6 Y _ECUW2
2410 8 2\ 2 64
2
ANPC-5L-H =S5 “ E(U"f) =3—7CUdcz
2 64 2\ 2 128
2 2
T-H e=2.EYu] 15 C(Vu —iCUdLZ
2\ 4 2\ 2 16
2 2
ANPC-H e=2.5(Yu) 15.E( Ve —iCUdf
2\ 4 2\ 2 16
3 2 2
S-T £=2 92 iYa| 5.6V —ECUH,CZ
240 8 2\ 2 32
2
T-ANPC e=2.C iU,,f+2 E(U‘”) —ECU,,CZ
2 64 2\ 2 64
2 2
FC-IPC e=2.C Udfj +2~9(Udf :iCU,,f
2\ 4 2\ 2 16

Nine-Level IHMC

suppress the circulating current to an extent that phase leg cur-
rents are balanced, such that the converter can function properly
[40]. In addition, there are a variety of control methods aiming at
mitigating the circulating current, which can potentially lessen
the requirement of the interleaved inductance [41]. For instance,
the modified discontinuous PWM in [42] and the phase-shifted
carrier PWM method proposed in [43], all targeting at reducing
the peak amplitude of the circulating current. Further, by using
coupled inductors and integrating the magnetic components all
together, both total volume of magnetic core and copper usage
can be reduced, which can result in significant decrease in both
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system weight and volume [39], [41], [44]. Under the proposed
H-MPC framework, the H-bridge cell in the HFS2, as depicted in
Fig. 1, can be considered as an equivalent HB cell when applying
the PS-PWM (as will be detailed in Section V). Therefore, the
design of the floating capacitor in the nine-level IHMC is the
same as that in the well-studied five-level ANPC [13], which
can be found in the commercially available design report [45].

B. Circuit Modeling

1) System Model: According to the Kirchhoff’s voltage law,
the system current model can be given by

di;
Ujo :Ld—tJJrin+uN0. 1

The output voltage has the relationship as follows:

dijy
Ujo = Ujol *LO 7
{ S e 2)
Ujo = Ujo2 — LO djt
Combining the two equations in (2) yields
Lo diiy
Ujo = 5 (Ujol + uon) - ?di; (3)
Substituting (3) into (1) yields
dij .
v; :Leqd—tj+sz+uN0 “)

where v; is defined as v; = (01 +1,2)/2 [46] and L is defined
as Leq = Lo/2+L. Applying the Clarke’s Transformation [47]
leads to the current model in the aS-frame
dz
= Leg— + 1R 5
U= Bea gy T ©)
where v = [v,, vg]" and i = [i, ig]".
2) Capacitor Model: The dc capacitors models are given by

= 6
( 7t (6)
duge j1

Zf] 1 dt ( )

where
AUge = Ude_1 — Ude_2 (8)
1o = Z ’ioj - Z (Sjl + Sj5 - 2Sj1Sj5) ij )

j=a,b,c j=a,b,c

ifj = Sjst; — Sj7ij1 — Sjoije (10)
bj =151+ i 2. (11)

3) Inner Circulating Current Model: The inner circulating
current model can be given by

dicj
Ujol — Ujo2 = 2L0 d;] (12)
where
Ujo1 = UEC (2Sj1 + Sj5 + Sj7 -2) (13)
Ujo2 = lifc (25j1 + Sj5 + Sjg — 2)
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1

lej = 5 (tj1 —ij2). (14)

Thus, the slope of the inner circulating current can be given
by
1 1

Scj = m (Ujol - Upo) = %

4) Discrete-Time Current Model: This can be derived by
applying the Euler Forward Approximation as

(Sj7 — Sjo) - (15)

i(k+1)= LTSu(k)+(1—RTS)i(k). (16)

eq Leq
5) Duty Cycle Model: The duty-cycle-based models of the
capacitors currents and inner circulating currents can be per-
formed as [48]

o = Z (djl + djs - 2dj1dj5) ij (17)
j=a,b,c
ifj = djsi; — djrij1 — djgijo (18)
1
Sei = 3Lo (dj7 — djo) (19)
Ujo1 = Lglc (del —+ dj5 —+ dj7 — 2) (20)
Ujo2 = lif" (2dj1 +djs +djg — 2)
U, 1
'Uj = % |:2dj1 + dj5 + 5 (dj7 + djg) —2]. (21)

III. ANALYSIS OF THE PD-PWM AND PS-PWM

This section analyzes the integration of the PD-PWM and
PS-PWM in terms of floating capacitor voltages balancing,
which leads to the conclusion that simple integration of the
two modulation strategies cannot guarantee a stable floating
capacitor voltage, and hence, additional control efforts need to
be conducted as appropriate.

A. Integration of the PD-PWM and PS-PWM

As it can be inferred from Table I, S;7 and S;9 contribute to
a Uq./8 voltage step alike, it is therefore a very straightforward
idea to apply the PS-PWM to them [48]. Also, since S;5 and
S;1/S;3 lead to Ugc/4 and Ugc/2 voltage steps, respectively,
the PD-PWM can be applied [9], [48], [49]. Fig. 3 shows
the integration of the PD- and PS-PWM, which generates a
nine-level output voltage and five-level voltages in interleaved
legs. As shown, S,1/S,3 and S,5 operate at fundamental and
quasi-fundamental frequencies, respectively [S0]. As it can be
also seen, the modulation waveform in the range of [1, 2], [—2,
—1], and [—1, 0] is equivalently shifted into the range of [0,
1] without changing output waveforms [50]. In addition, the
switches in the LFS, i.e., S,1/S,3 and S5, are determined on
a sinusoidal-threshold basis, that is, they are turned ON when
the original modulation waveform is greater than the threshold
value, e.g., 0 for S,1/S,3 and +1 for S,5.

Fig. 4 demonstrates the spectra comparison of the output
voltages in the five-level ANPC using the PS-PWM [13] and
the equivalent output voltages of the nine-level IHMC using the
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modulation method in Fig. 3. In both simulations, the dc-link
voltages are kept constant. As shown, ideally, the nine-level
output can approximately enable 49% reduction of voltage THD.
In addition, the spectra reveal concentrated harmonic groups at
the doubled carrier frequency, i.e., 4 kHz, 8 kHz, etc., due to the
use of the PS-PWM.

B. Analysis of the Floating Capacitor Energy

Defining the modulation waveform of the equivalent output
voltage and the phase current as

{ Uma = M sin (wt)

iq = Isin (wt+ ). (22)
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One of the corollaries of applying the PS-PWM in S,7/S .9 is

that d,7 = d,9. Therefore, the floating capacitor currents are
Z‘fa == da5ia - da7ia1 - da9ia2 - (da5 - da7) Z.a- (23)

Consequently, the cumulative energies over one fundamental
cycle in the floating capacitor, respectively, can be given as per
the six sectors in Fig. 3 as

Q= 090 (—20mq) I sin (wt + ) d (wt)

Q2 = 97;790 [1 — (2umq — 1)] I'sin (wt + @) d (wt)
Q3 = f;lgo (—20mq) I sin (wt + @) d (wt)

Q4= f:+0° [1— (2uma + 1)] I sin (wt + @) d (wt)
Qs = fQI;:O (=20 — 2) I'sin (wt + @) d (wt)

us

Qo = [y [1 = (2uma + 1)] I'sin (wt + @) d (wt) .
(24)
Substituting (22) into (24) yields the overall energy
6
Q= Z Q; = 81 cos pcos by. (25)

i=1

When the modulation index M is fixed, 6 is also a constant,
which represents the intersection of the original sinusoidal-wave
and the threshold value. As such, the overall energy Q in the
floating capacitor is solely determined by the current phase angle
 or the power factor, which leads to zero energy only when ¢
= m/2. In other words, the floating capacitor voltages can never
be balanced in the vast majority of cases. In addition, when
considering the third-harmonic injection, e.g., control in the
af-frame, the cumulative energy, through similar mathematical
derivation, also unfolds an unbalanced fashion [51]. Therefore,
it is indispensable to enhance the balancing of floating capacitor
voltages when integrating the PD- and PS-PWM, which will be
discussed in the following sections.

IV. PROPOSED HYBRID MODEL PREDICTIVE CONTROL

This section details the implementation process of the pro-
posed H-MPC approach on a step-by-step basis. Fig. 5 illustrates
the framework of the proposed control strategy.
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Fig. 6. VSVDs in the original SVD. (a) First-layer VSVDs and their transfer
vectors. (b) Second-layer VSVDs and their transfer vectors.

TABLE IV
SIGN PATTERNS AND SWITCHING STATES OF THE FIRST-LAYER VSVD

Transfer Vector
")
Vi =[3 0]

Viz = [3/2 3V3/2]
Vis = [-3/2 3v/3/2]
Via=[-3 0]

Vis = [-3/2 —3v/3/2]
Vie = [3/2 =3V3/2]

Sign Pattern S,,S,,S.,, VSVD
Ve v Ve (SaaSkSes) (Hin)
>0<0<0 100 H,;
>0>0 <0 110 H,
<0>0<0 010 H;
<0>02>0 011 H,
<0<0>0 001 H;s
>0<0>0 101 Hg

A. VSVD Selection
The reference voltage vector can be given by [7]

Leg
T,

where i*(k+1) can be extrapolated from i* (k) by the fourth-order
Lagrange Extrapolation [17]. Thus, the reference vector in the
abc-frame can be further derived by the inverse Clarke’s Trans-
formation as vap.* = [vo* vy v 1T.

Recapping Table I, it can be concluded that S;/S;3 can be
directly determined by the sign of the reference voltage vector
Vabe - Further, the original SVD of the IHMC can be split into six
first-layer virtual space vector diagram (VSVDs) [44], i.e., the
hexagons H,,,, which are a quarter of original SVD, as depicted in
Fig. 6(a). All vectors in these first-layer VSVDs are subject to six
switching states of S;;/5;3 described in Table IV, respectively.
Subsequently, the reference vector can be transferred to the first-
layer VSVDs by the transfer vector Vi as

v (k) =

[ (k+1)—i(k)]+i(k)R (26

v =0 — V. 27

Similarly, the virtual reference vector v1i* can be converted to
the abe-frame as vape1™ = [Va1™ vo1™ ver *]T as well. And S5 can
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TABLE V
SIGN PATTERNS AND SWITCHING STATES OF THE SECOND-LAYER VSVD

Sign Pattern VSVD  Transfer Vector
* * * SaSSbSSCS H Vi

Val_ Vb1 Vel (Hn) (V)

>0<0<0 100 H,, V1 =[3/20]

>0>0<0 110  Hp
<0>0<0 010  Hyp
<0>0>0 011  Hy
<0<0>0 001  Hys
>0<0>0 101 Hyg

Vi = [3/4 3V/3/4]
Vas = [-3/4 3v/3/4]
Vs =[-3/2 0]
Vs = [—3/4 —3+/3/4]
Vas = [3/4 =3V3/4]

Fig. 7. Vectors transferring process in the first- and second-layer VSVDs.

also be confirmed through the sign of v 441 %, by introducing six
more second-layer VSVDs, i.e., the hexagons H.,,,,, as illustrated
in Fig. 6(b). Table V lists the switching states of the second-layer
VSVDs. As shown, the initial point of the transferred virtual
reference vectors vi* and vy1* are in the center of the two layers
of the VSVDs. As illustrated in Fig. 7, the vectors transferring
process can be readily conducted, when m = n, the first- and
second-layer transfer vectors are subject to

1
Von = §V1m (28)

As such, through the selection of the first- and second-layer
VSVDs, the S;1/S;3 and Sj5 can all be secured in a way that
is simple, straightforward, and computationally efficient. To
further achieve the integration of the PD-PWM and PS-PWM,
the adjacent vectors selection and duty cycle calculation for the
PS-PWM can be performed in the second-layer VSVDs, which
further reduce the computational complexity.

It is noteworthy that when regarding the proposed H-MPC
as a whole, it is a framework particularly designed for the
nine-level IHMC. However, the selection of the VSVD is a
generic approach that enables the separation of LFS and HFS
in HMCs that comprises potentially decoupled stages [52]. It is
also worth noting that the method in [52] is designed to control
the five-level ANPC which has one layer of VSVD and the
floating capacitor voltage balancing can be readily achieved by
duty cycle adjustments but needless to consider the circulating
currents mitigation; hence, it cannot be directly applied to the
nine-level IHMC in this article.
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Fig. 8.  Switching sequences of M;7/M ;g enabled by the PS-PWM.

B. Duty Cycle Calculation

The duty cycle calculation can be conducted in the second-
layer VSVD by using the second-layer virtual reference vector,
which, as depicted in Fig. 7, can be given by

vt =vr — Vi (29)

At this point, the second-layer VSVD can be regarded as a
two-level-converter SVD (Fig. 7), referring to the switching
states of S;7/S,9, which is composed of eight virtual vectors,
i.e., vo through vz, among which vg and v; are the virtual
zero-vectors. The virtual switching states of the eight vectors,
i.e., [Sav79 Svoro Scv79], can also be found in Fig. 8. These
vectors are

Vp =Vi+ Vit + Van. (30)

{’00’1)7VI+VII

The three adjacent vectors can be simply selected by judging
which sector the second-layer reference vector vi1* locates, as
illustrated in Fig. 8. The current slopes of the chosen vectors can
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be given by

(VV; —iR) 31)

1
S; = —
k3 Leq
where i € {0, 1, 2}, s; = [Sai sm]T, VVy is the chosen zero-
vector, while VV; and VV5 are the selected nonzero-vectors.
The predicted currents over each control cycle are

ia (k+1) =14 (k) + sait1 + Sa2t2 + Saoto (32)
i[g (k + 1) = iﬁ (k) + 8,31251 + 552152 -+ Sﬂotg.
Then, the current error can be given by
Aly, =14 — Sa1ti — Sata — Sao (Ts -t — t2) (33)
AIQ = Iﬁ — 5,31251 — SBQtQ — 550 (Tg — tl - tg)

where I, = i,*(k+1)—i (k) and Ig = ig*(k+1)—ig(k). Subse-
quently, the cost function of current error is given by
J = AL + Al (34)

To solve the quadratic programming problem, the optimal
condition can be obtained by using the gradient method [53]

oJ aJ
oty " Oty (35)
Solving (35) yields the optimal duty cycles as
dd, = Ia(spo—5p2)+15(5a2—540)+Ts(500582—542550)
1= Ts581(Sa2—500)+Ts552(Sa0—5a1)+Ts530(5a1—5a2)
ddo — Ia(sg1—580)+15(500—5a1)+Ts(501580—540581)
2= Ts581(Sa2—50)+Ts552(Sa0—5a1)+Ts530(5a1—5a2)
ddy = 1 — ddy — dds
(36)

where dd; = t;/Ts. Since the zero-vectors vo and v7 occupy half
of the VVy’s dwell time, therefore, the duty cycles of the four
chosen vectors, respectively, can be given by

ddy
2

To apply the PS-PWM to S§;7/S9, the virtual duty cycles for
each phase can be given by

ddoy

dy = ydo = ddy;ds = ddo;dy = (37)

4
djv79 = Zdisjv79_i

i=1

(38)

which serve as the reference waves of the two complementary
carriers of the PS-PWM [54]. It is worth noting that when the
carrier amplitude ranges from 0O to 1, the reference actually
equals to the duty cycle of the switching state; therefore, the duty
cycle can be considered as the reference wave of the carriers
in the PS-PWM in this article. As demonstrated in Fig. 7, by
using two complementary carriers for M;7/M 9, the calculated
virtual duty cycles, or the references, lead to typical PS-PWM
pulse trains. In addition, the virtual switching sequences are the
same as those of M7, which represent the switching sates of the
M7/M ;9 as a whole.

C. Capacitor Voltage Balancing

As discussed in Section III, the capacitor voltage balancing
control in the IHMC is an issue of paramount significance, but
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Fig. 9. Redistribution process of the duty cycles.

needs further enhancement when combining the PD- and PS-
PWM. The following paragraphs detail the balancing method.

1) Floating Capacitor Voltage Balancing: First of all, the
floating capacitor voltage balancing can be achieved through an
active duty-cycle-alternation approach. Recapping (18), it can
be concluded that when i; > 0, the charging/discharging effect
can be interpreted as follows: 1) when dj5 > dj, 79, then iy >
0, the floating capacitor is charged, and 2) when d;5 < d;y79,
then if; < 0, the floating capacitor is discharged, and vice versa
when i; < 0. As aforementioned in subsection A, d;5 equals to
either O or 1 when Sj5 is either O or 1 over the entire switching
cycle. As depicted in Fig. 1, the HFS can be divided into two
equivalent counterparts of each other, i.e., the HFS1 and HFS2;
therefore, by alternating the duty cycles of M;5 and M;7/Mq
between d;5 and dj,79, the floating capacitor voltage can be
balanced without changing the overall output voltage, which
can be further interpreted as unlike the waveforms in Fig. 3,
the HFS1 and HFS2 all work at high switching frequency in
this regard. Specifically, the redistribution process of the duty
cycles is presented in Fig. 9. Exemplifying one redistribution
path, when uge 41" > uqc 41, the floating capacitor needs to be
charged to approach the reference. When i, > 0andd,5 < d 4,79,
which means d 5 = 0, therefore, to charge the floating capacitor,
the duty cycles of M7 and M .9 are set to dd,7 = dd .9 = 0, and
the duty cycle of M5 is set to dd .5 = day79-

In addition, the alternation of the duty cycles between the
HFS1 and HFS2 can never influence the current tracking. The
equivalence of the alternation is demonstrated in Fig. 10, where
vay and v, are the output voltages of the “Alternation 1” and
“Alternation 2” scenarios (Fig. 9). Exemplifying Sector 1 in
Fig. 9, the average voltages of v, and v,, over each control
period, respectively, can be given by

1 1
Vay = dav79 = Ude + (1 — davro) ZUdc (39)

2

3 1
Vg = 2dav79§Udc + (1 - 2dav79) ZUdc (40)

which indicates that v, = vg,. Thus, they have the same impact
on current tracking, although having five- and nine-level output
voltages, respectively.
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Equivalence of the output voltages (Phase A).

2) DC-Link Voltage Balancing: The dc-link voltages can be
balanced through adjusting the duty cycles of the two virtual
zero-vectors [13], i.e., vg and v, respectively, which have no
impact on the line-to-line output voltage, but can lead to opposite
neutral-point currents [55]. In consequence, the adjusted virtual
duty cycles dj, 79 can be assigned to M5 when conducting duty-
cycle-alternation in floating capacitor voltage balancing, such
that the dc-link voltages can be balanced.

Specifically, the switching state [S,5 Sp5 Sc5] = [0 0 0] is
defined as N-type mode, which has an outward total neutral point
current, leading to the increase of Aug.; while the switching state
[Sa5 Sps Scs] = [1 1 1] is called the P-type mode, which has
an inward total neutral point current, leading to the decrease of
Auge [49]. Therefore, through adjustment of the duty cycles
of the two zero-vectors, the dc-link voltages can be readily
balanced. The amount of the duty cycle adjustment can be given
by

dpp = knp (0 — Auge) 41)

where the tuning of k,,;, is based on a heuristic approach. Thus,
the duty cycles of the two zero-vectors can be given by
ddy ddy

d1:7+dnp;d4:7_

dpp.
2 2 P

(42)

D. Inner Circulating Current Suppression

In essence, the inner circulating current is caused by the
voltage difference between the two interleaved phase legs. Given
that the parameter discrepancy and nonideal factors always exist
in real-world scenario, the inner circulating current should be
suppressed to enhance the system reliability. As shown in (19),
the circulating current is determined by the deviation of d;7 and
djg, it can therefore be mitigated by adjusting the two duty cycles
while keeping the sum of the two being constant simultaneously,
such that both the equivalent output voltage remains unchanged
too, as shown in (21). The amount of the duty cycle adjustment
can be given by

1 . .
djcir = Keir [0 -3 (151 — ij)} . (43)
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TABLE VI
CIRCUIT PARAMETERS

Description Variable  Simulation  Experiment
Interleaved inductance Loy 2.5mH 2.5mH
Load inductance L 1.5 mH 1.5 mH
Load resistance R 10 Q 10 Q
DC-link capacitance C 240 pF 240 uF
Floating capacitance C, 200 pF 200 pF
DC-link voltage U 160 V 160 V
Floating capacitor voltage Ude j1 40V 40V
Dead time Ty - 1us
Fundamental frequency f 60 Hz 60 Hz

Then, the duty cycles of M7 and M9 can be given by

dj7 = dd;7 + djcir; djo = ddjg — djcir- (44)

In addition, when there are negative duty cycles or greater-
than-one duty cycles, they are forced to be equal to either O or
1, respectively.

In addition, as demonstrated in Fig. 8, when d;5 is applied
to M5, the circulating current is suppressed by applying the ad-
justed dd ;7 and dd g to M j7/M jo; when dj5 is applied to M j7/M 9,
the circulating current should be ideally zero, since duty cycles
of M7 and M g are the same, which offers zero voltage deviation
between the two interleaved phase legs. Therefore, the floating
capacitor voltage balancing and circulating current mitigation
can be achieved simultaneously under the proposed H-MPC
framework.

E. Delay Compensation

The delay effect caused by digital platform may severely
exacerbate control performance of the MPC [16], It is therefore
of utmost significance to eradicate the adverse effect of the
delay through two-step prediction of not only the current but
also the dc voltages [17], which can enable the mitigation of
dc capacitor voltage fluctuations. The details of the two-step
prediction process can be found in [7], and noteworthily, the
predicted inner circulating and capacitor currents at the k+1
time instant can be calculated through the duty cycle models
17)-(19).

V. SIMULATION STUDIES

Simulations are conducted in MATLAB/Simulink with sys-
tem parameters listed in Table VI. Due to the massive calculation
burden in the implementation of the C-MPC, a modified C-MPC
[19] is used for comparison, which only assesses three vectors
that encompass the reference vector; then, among the redun-
dant switching states of the three vectors, the switching state
with optimal capacitor voltage balancing and circulating current
suppression is selected through the use of the cost function
approach.

Fig. 11 exhibits the average switching frequency comparison
between the C-MPC and proposed H-MPC, where the average
switching frequency is obtained by counting the switching ac-
tions of each switch over one fundamental cycle using a moving
averaging tool in MATLAB/Simulink. As it can be seen, the av-
erage switching frequencies of the proposed H-MPC method and
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Fig. 11. Comparison of the average switching frequency.

the C-MPC, at 7 and 15 kHz sampling frequency, respectively,
can be used as benchmarks for comparison, since the latter one
is higher than the former one. And of course, they are all higher
than that of the C-MPC at 7 kHz sampling frequency.

Fig. 12 presents the simulation waveforms of the proposed
H-MPC and the C-MPC at steady state. Obviously, the C-MPC
at 15 kHz sampling frequency has more switching actions over
each control cycle than at 7 kHz sampling frequency, which
leads to enhanced current THD, more mitigated dc voltages
fluctuations, and more attenuated circulating current. Also, the
switching states of S;1/S;3 unveil a relatively high-frequency
fashion, which is the reason for relatively higher average switch-
ing frequency compared with the proposed H-MPC. Unlike the
C-MPC, the switching states of S;1/S;3 in the proposed H-MPC
reveal fundamental frequency, while the switching states of S;s,
S;7, and S;9 are expected to have high-frequency pulse trains
according to the discussion in the prior section. It is evident that
the current ripples of the proposed H-MPC at 7 kHz sampling
frequency are even smaller than those of the C-MPC at both 7
and 15 kHz sampling frequency. The dc voltages are all well
balanced to their reference under these control strategies, while
the C-MPC at 7 kHz sampling frequency has slightly larger dc
voltages ripples due to the lower sampling frequency.

Fig. 13 gives simulation waveforms of the proposed H-MPC
and the C-MPC at transient state, where the reference current
drops to half and resumes later. It can be seen that the dc
capacitor voltages are all well-regulated under both control
strategies during the transients, while the responses are relatively
fast, which indicates that the proposed H-MPC can retain the
fast-dynamic merit of the MPC. It is noteworthy that since the
transition time is set to the peak value point on purpose, the
voltage spike reaches the maximum extent that it can possibly be.
With that being said, the proposed H-MPC reveals comparatively
less voltage spikes due to the hybrid frequency operation of the
converter. In addition, the C-MPC suffers relatively higher dv/dt
compared with the proposed H-MPC at both steady and transient
state, which shows another superior aspect of the proposed
H-MPC. Also, the responding time has direct correlation with
the sampling rate, which leads to slower response at 7 kHz for
both C-MPC and H-MPC.

Fig. 14 demonstrates the spectra comparisons between the
proposed H-MPC and the C-MPC. Obviously, the current THD
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Fig. 12.

Simulation waveforms of the steady state. (a) C-MPC at 7 kHz sampling frequency. (b) C-MPC at 15 kHz sampling frequency. (¢) H-MPC at 7 kHz

sampling frequency. For each figure, from top to bottom are interleaved legs voltages 401 and uq02, equivalent output voltages v;, switching states S;1/S;3,
currents of interleaved legs and circulating current i, 1, iq2, and i.q4, three-phase output currents i;, and dc capacitor voltages uqc_1, tdc_2. and uqc_j1.
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Fig. 13.

Simulation waveforms of transient state. (a) C-MPC at 7 kHz sampling frequency. (b) C-MPC at 15 kHz sampling frequency. (c) H-MPC at 7 kHz

sampling frequency. For each figure, from top to bottom are interleaved legs voltages w401 and uq02, equivalent output voltages v;, switching states S;1/S;3,
currents of interleaved legs and circulating current iy1, i42, and i,, three phase output currents i; and reference i,*, and dc capacitor voltages uqc_1, Udc_2, and

Udc_j1-

of proposed H-MPC at 7 kHz sampling rate is much lower than
that of the C-MPC at both 7 and 15 kHz sampling rate. Further,
the spectra of interleaved legs currents possess concentrated
harmonic group around 7 kHz under the proposed H-MPC,
while in the output current spectrum, the 7 kHz harmonic group
is considerably mitigated while the 14 kHz harmonic group is
amplified, which in other words, shows a frequency doubling
effect thanks to the use of the PS-PWM. On the contrary, current
spectra of C-MPC unfold more widespread fashions. Fig. 15
depicts the comparison of the current THD versus amplitude.
As shown, the current THD gradually increases as the current
amplitude decreases, and the current THD of the proposed

H-MPC at 7 kHz sampling rate is lower than that of the C-MPC
at 15 kHz sampling rate and much lower than that of the C-MPC
at 7 kHz sampling rate. Fig. 16 demonstrates the comparison
of power loss breakdown when sampling rates of both C-MPC
and H-MPC are 7 kHz and current amplitude is 7 A. The
loss modeling methods for the SiC MOSFET and the converter
system can be found in the prior article [55]. As shown, due
to the low switching loss characteristic of the SiC device, the
switching loss only contributes to a very minor portion. The
total power loss, when applying the proposed H-MPC, does
not increase significantly even though the average switching
frequency is higher than that of the C-MPC (Fig. 11). Also,
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the SiC MOSFETs (CREE/Wolfspeed: C2M0160120D, 1.2 kV,
18 A, 160 m?) [56] used in the prototype have comparatively
high ON-state resistances (160 mS2), which is the reason why it
reveals relatively high conduction losses.

VI. EXPERIMENTAL STUDIES

To verify the proposed H-MPC strategy in a real-world plat-
form, an all-SiC IHMC prototype is developed using discrete
SiC MOSFETs (CREE/Wolfspeed: C2M0160120D, 1.2 kV, 18

10 15
Frequency (kHz)

20 25 0 5 20 25

10 15
Frequency (kHz)

(b) (©

Simulation results of current spectra comparisons. (a) C-MPC at 7 kHz sampling frequency. (b) C-MPC at 15 kHz sampling frequency. (c) H-MPC at

Fig. 17.

Experimental rig of the IHMC.

A, 160 m2) [56]. The system parameters are also given in
Table IV. Fig. 17 shows the experimental rig, where the dSPACE
MicroLabBox and Intel Max-10 FPGA are used for control and
the optic fibers are used to enhance the noise immunity. The load
and dc power source feeding the dc-link are not shown.

Fig. 18 shows the steady-state waveforms, where the pulse
trains of Sj; of the proposed H-MPC unveil fundamental- fre-
quency patterns, which aligns with the control objective, while
the pulse trains of S;5, S;7, and Sj9 are expected to reveal
high-frequency patterns. In contrast, the C-MPC unfolds high-
frequency patterns for pulse trains of S;;. As abovementioned in
Section V, the stark contrast of the low-frequency pulse trains
with the high-frequency ones enables fewer switching actions
and thus lower switching losses. Fig. 19 also demonstrates
the steady-state waveforms, where Phase A is exemplified. As
shown, the current ripples of the proposed H-MPC at 7 kHz
sampling rate are smaller than those of the C-MPC at both 7 and
15 kHz sampling rate, which is in line with the simulation results.
The dc voltages can all be well-regulated under both control
strategies. Fig. 20 demonstrates the waveforms at transient state.
As shown, all the dc voltages are well-balanced to their reference
despite some trivial surges, which are brought by the regulation
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of the dc power source. The proposed H-MPC and the C-MPC
at 7 kHz sampling rate have approximately the same responding
time, while the C-MPC at 15 kHz has shorter responding time
due to a higher sampling rate. In a nutshell, the responding time
at all scenarios is relatively fast.

To further validate the current THD enhancement brought by
the proposed H-MPC, the currents spectra comparisons based on
the experimental data are illustrated in Fig. 21. It can be observed
that the current THD of the proposed H-MPC at 7 kHz sampling
rate is much lower than those of the C-MPC at both 7 and

15 kHz sampling rate. In addition, there are concentrated har-
monic groups around 7, 14 kHz, and so on in the spectrum of
the output current under the proposed H-MPC, while the current
spectra of C-MPC at both 7 and 15 kHz exhibit more widespread
fashions. It is worth noting that due to the experimental nonide-
alities, the 7 kHz harmonic group is not as well-mitigated as
in the simulation results (Fig. 14), but the doubled-frequency
harmonic group can still be observed around 14 kHz.

Fig. 22 depicts the comparison of the current THD versus
amplitude. As shown, the current THD of the proposed H-MPC
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at 7 kHz sampling rate is lower than those of the C-MPC at both
7 and 15 kHz sampling rate. Thus, the proposed H-MPC has
better current tacking performance than the C-MPC does with
even lower average switching frequency. These experimental
results are all in accordance with the simulation results. Further,
Fig. 23 illustrates the turnaround time comparison between
the two algorithms, where the turnaround time is measured
in dSPACE using the real-time mode. Evidently, the proposed
H-MPC consumes shorter time than the C-MPC, which enables
approximately 74% reduction.

(b) (©)

Experimental results of current spectra comparisons. (a) C-MPC at 7 kHz sampling frequency. (b) C-MPC at 15 kHz sampling frequency. (¢) H-MPC

VII. CONCLUSION

This article presents an H-MPC strategy for an IHMC, which
incorporates both the PD-PWM and PS-PWM. Compared with
the C-MPC, the proposed method can enable the decoupling of
the LFS and HFS in the IHMC and reduce both the output current
THD and computational burden while achieving a constant
switching frequency. The performances of the proposed H-MPC
are comprehensively investigated through both simulation and
experimental studies performed on an all-SiC prototype, where
the results consolidate the following aspects:

1) The proposed method can enable the decoupling of the
LFS and HFS, leading to easier heat dissipation design
and lower average switching frequencies.

2) The proposed method can reduce both the calculation
burden and output current THD while retaining the fast-
dynamic response feature of the C-MPC.

3) The proposed method can achieve a constant switching
frequency, and doubled equivalent switching frequency,
thanks to the integration of PS-PWM, and thus, brings for-
ward concentrated harmonic groups around the sampling
frequency in the output current, which further translates
into easier filter design.

4) The dc capacitor voltage balancing and circulating cur-
rents mitigation needs no weighting factors and can be
achieved without affecting the current tracking; thus, the
current tracking performance is relatively superior.

5) The proposed strategy is simple and less time-consuming,
and thus, can theoretically push up the sampling rate to
above even 50 kHz, which can thereby pave the way for
the application of high-frequency WBG power devices.
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