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Model Predictive Control Methods to Reduce
Common-Mode Voltage for Three-Phase
Voltage Source Inverters
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Abstract—In this paper, we propose model predictive control
methods to reduce the common-mode voltage of three-phase volt-
age source inverters (VSIs). In the reduced common-mode voltage-
model predictive control (RCMV-MPC) methods proposed in this
paper, only nonzero voltage vectors are utilized to reduce the
common-mode voltage as well as to control the load currents. In
addition, two nonzero voltage vectors are selected from the cost
function at every sampling period, instead of using only one opti-
mal vector during one sampling period. The two selected nonzero
vectors are distributed in one sampling period in such a way as
to minimize the error between the measured load current and the
reference. Without utilizing the zero vectors, the common-mode
voltage controlled by the proposed RCMV-MPC algorithms can
be restricted within +V,./6. Furthermore, application of the two
nonzero vectors with optimal time sharing between them can yield
satisfactory load current ripple performance without using the zero
vectors. Thus, the proposed RCMV-MPC methods can reduce the
common-mode voltage as well as control the load currents with
fast transient response and satisfactory load current ripple perfor-
mance compared with the conventional model predictive control
method. Simulation and experimental results are included to ver-
ify the effectiveness of the proposed RCMV-MPC methods.

Index Terms—Common-mode voltage, current control, predic-
tive control, voltage source inverter (VSI).

1. INTRODUCTION

HREE-PHASE voltage source inverters (VSIs) with
T proportional-integral (PI) control methods with distinct
pulse width modulation (PWM) blocks have been popularly
used to provide output currents with controllable amplitude
and controllable frequency [1]-[8]. In the VSI, common-mode
voltages generated by the fast switching operation have been
known to give rise to overvoltage stress to the winding insula-
tion of drives and to conduct or radiate electromagnetic inter-
ference, which can affect the functionality of other electronic
systems in the vicinity [9]. Several studies have been conducted
to reduce the peak common-mode voltage with PWM strategies
designed by avoiding the zero vectors because the zero vec-
tors result in the highest common-mode voltages [9]-[11]. The
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PWM algorithms for reducing the common-mode voltage can be
incorporated with the PI current controllers for the VSI not only
to reduce the common-mode voltage but also to control the load
currents. Recently, a model predictive control method based on
a finite-control-set concept has been developed as a simple and
effective current control technique for VSIs owing to its sim-
plicity without using any individual PWM blocks as well as its
control flexibility [12]-[26]. By using the fundamental principle
that only seven different voltage vectors can be applied to the
loads by the VSI, the model predictive control method predicts
the seven possible future load current behavior patterns of the
VSI on the basis of the load dynamic model of the VSI. On the
basis of the cost function predefined with error terms between
the future load current and the reference, the current controller
evaluates all the predicted current values obtained by the seven
possible states to select one optimal switching state with the
smallest cost value. Finally, the VSI with the model predictive
controller applies the optimal switching state during the entire
sampling period of the controller. Because of its simplicity with
no requirement of individual PWM blocks as well as its control
flexibility, the model predictive control scheme has been em-
ployed to control the load currents of power converters other
than VSIs, such as multilevel inverters, multiphase inverters,
active power filters, and matrix converters [14]-[26].

This paper proposes two reduced common-mode voltage-
model predictive control (RCMV-MPC) methods to reduce the
common-mode voltage of three-phase VSIs on the basis of the
model predictive control method. In the proposed RCMV-MPC
methods, only six nonzero VSI states are considered to perform
model predictive control to reduce the common-mode voltage by
avoiding the zero vectors. Furthermore, the proposed methods
utilize two nonzero voltage states in one sampling period in order
to compensate for the reduced number of voltage states, instead
of using only one optimal vector during one sampling period
as in the conventional method. The two selected active vectors
are distributed within the sampling period in such a way as to
minimize the squared current errors between the reference and
actual future load currents in the proposed methods. Therefore,
the common-mode voltage controlled by the proposed RCM V-
MPC algorithms can be restricted within +V;. /6 without uti-
lizing the zero vectors. Furthermore, applying the two nonzero
voltage vectors with optimal time sharing between them can lead
to the satisfactory load current ripple performance, despite no
utilization of the zero vectors. In one proposed method termed
as the RCMV-MPC I in this paper, the two nonzero voltage vec-
tors are simultaneously selected for the purpose of implementing
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Fig. 1. Three-phase VSI with a diode rectifier.

without significantly increasing the calculation complexity. In
addition to the proposed RCMV-MPC I, this paper also develops
a proposed RCMV-MPC II, which in advance selects the first
nonzero vector, and then considers the six applicable nonzero
voltage vectors as the second nonzero vector. Both the proposed
RCMV-MPC methods I and II are compared in terms of the
current errors, the total harmonic distortion (THD) values, and
the number of switchings in this paper. Based on comparative
results, the proposed method II results in better performance in
the current errors and the THD values than the proposed method
I and the conventional method, at the expense of the increased
number of switching and the increased complexity of calcula-
tion. In addition, the two proposed RCMV-MPC methods do
not affect the fast transient response of the conventional model
predictive control method adversely because the zero vectors
are not generally selected during transient conditions. Thus, the
two proposed RCMV-MPC methods can reduce the common-
mode voltage with comparable load current ripple performance
without detriment to transient responses, compared with the
conventional model predictive control method. A practical con-
sideration to compensate for the unavoidable calculation delay
present in the digital signal processor (DSP) is also developed
to utilize the two nonzero vectors. Simulation and experimental
results are included to verify the effectiveness of the proposed
RCMV-MPC methods.

II. CONVENTIONAL MODEL PREDICTIVE CONTROL METHOD
FOR VSIs

The three-phase VSI with six insulated gate bipolar transistors
(IGBTs) as switches is fed by a diode rectifier and shown in
Fig. 1. The voltage vectors applied to the load by the VSI can
be expressed in the a3 frame as

2 . . P
v = g(”an + UbneJ(QWN) + Ume.l(‘lﬂ/?’)) 1)

Eight voltage vectors including six active and two zero vec-
tors, as shown in Fig. 2, enable the VSI to adjust load currents
[12], [13]. The switching functions of the switches take on the
binary values “1” and “0” in a closed state and an open state,
respectively. The lower switches have the complementary value
of their upper switches. Owing to the redundancy of the two zero

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 9, SEPTEMBER 2015

Vi010)=2y,.F Vil 10)=37,e/

Vi(100)= 27"
O

_2, 2, 3
V(00 1) =5 Ve’ Vi(10 1) =5 Vee’

Fig. 2. Voltage vectors generated by the VSI.

vectors that generate equal output voltage vectors, only seven
control elements are available in the finite control set of the
three-phase VSI. The load current can be also described using
the space vector definition as

2 o .
i= g(ia + el 27/3) 4 1',36“4”/3)) )

The load current dynamics of the three-phase VSI with a
general three-phase resistive-inductive-active (RLe) load is ex-
pressed in the space vector form as

di
=Ri+ L— 3
v 1+ dt+e 3)

where R, L, and e are the load resistance, inductance, and back
electromotive force (back emf) vector, respectively. The deriva-
tive of the load current in the continuous-time model in (3) can
be approximated on the basis of the forward Euler approxima-
tion with a sampling period 7 as

di _i((k+ )T —i(kT))
at = T,

The load current dynamics can be, then, expressed in the
discrete-time domain as

- “)

i((k+1)T,) = i(kTy) + % [0F — Ri(kT,) — e(kTy)] . (5)

Seven voltage vectors of the VSI applied in the kth sam-
pling period, v¥, generate seven consequent future load current
behaviors, which can be predicted on the basis of the load cur-
rent dynamics in (5). By evaluating each predicted future load
current value using a predefined cost function, one optimal volt-
age vector among seven available voltage vectors is selected to
minimize errors between the one-step future reference and real
currents in every sampling period. The cost function to measure
errors between the references and the predicted load currents in
orthogonal coordinates can be defined in terms of the quadratic
eITors as

g = {ZZ ((k + 1) Ts) - ia ((k+ 1) Ts)}z
(kDT —is (k+ DT} (6

where i;, ((k + 1)Ts) and i ((k + 1)T}) are the one-step future
current values in the o3 frame. Furthermore, i, ((k + 1)T%)
and i4((k +1)T5) are the components of the predicted load
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current in the a3 coordinate system. Only one optimal voltage
vector determined by the cost function is applied during one
entire sampling period to force the actual load current vector to
approach the reference load current vector at the next step. The
future reference current vector required in the cost function can
be obtained from the Lagrange extrapolation formula with the
present and the two past reference values by [16]

P*((k + D)T) = 30 (K1) — 38 ((k — VT) + 4 ((k — 2)T3).
(N
Finally, the switching state corresponding to the selected op-
timal voltage vector at the next sampling instant is generated by
the VSI. The one-step delay compensation algorithm requires
the two-step future load current at the (k 4 2)th instant to com-
pensate for the unavoidable calculation delay present in practical
controllers, which can be obtained by shifting the load current
dynamics in (5) one-step forward [9]

i((k+2)T,) = v((k+ 1)T})
T

T

In addition, the two-step predicted current reference i*((k +

2)Ty) can be also obtained by shifting the future current refer-
ence < bold > i* < /bold > (k + 1) in (7) one-step forward

i*((k+2)Ts) = 30" ((k 4+ 1)Ty) — 3d" (kTs) + 4" ((k — 1)T%).

)

The future back emf vector can be estimated by assuming that

the future back emf vector is equal to the present back emf vector

because the back emf vector varies at a much lower frequency

compared with the fast sampling frequency. The present back
emf vector can be calculated from (5) as

e((k+ 1)Ty) ~ é(kT,) = o*

(" = Ri((k + 1)T,) — e((k + 1)T%)] . (8)

— Ri(kT}) — T£ [i((k+1)T.) —i(kT)].  (10)

s

The references and predicted load currents at (k + 2)th steps
are evaluated using the cost function in (6) with the currents at (k
+ 2)th steps in the model predictive control method with the one-
step delay compensation algorithm. Fig. 3 illustrates the block
diagram of the conventional model predictive control method
for the three-phase VSI with the one-step delay compensation
algorithm. As clearly shown in Fig. 3, only one voltage vector
selected among the seven possible voltage vectors including the
zero vectors is applied during one entire sampling period. Thus,
the conventional method utilizes the optimization process only
to select the best voltage vector, whereas the selected vector is
maintained for at least one sampling period.

III. PROPOSED RCMV-MPC METHODS FOR VSIS

The common-mode voltage of the VSI shown in Fig. 1, de-
fined as the potential between the load neutral point and the
center of the dc-bus of the VSI, can be expressed with the pole
voltages with respect to the midpoint of the dc-link voltage as
[10]

Va0 + Vo + Veo

3 Y

Uno =

5021

Since the VSI only takes the leg voltages on the discrete volt-
age levels with £V} /2, the common-mode voltage of the VSI
becomes +Vj./6 and +V3. /2 with the nonzero active vectors
and the zero vectors applied to the VSI, respectively. Because
the zero vectors lead to the highest common-mode voltages, the
proposed RCMV-MPC methods I and II realize the model pre-
dictive control algorithm with only six nonzero active vectors
to avoid utilizing the zero vectors. However, employing only
the six nonzero vectors for the control of load current might
lead to increased current ripples and increased current errors
between the references and the actual load currents owing to the
reduced number of usable voltage states. Taking into account
that the zero vectors generally result in the smallest variations
on load dynamics, increasing current ripples is unavoidable in
controlling the load currents without the zero vectors. There-
fore, the proposed methods utilize two nonzero voltage vectors
in one sampling period to compensate for the reduced number
of usable voltage vectors and achieve satisfactory performance
of load current ripple and current errors even without using
the zero vectors. During one sampling period T, two selected
nonzero vectors are applied to the load at respective intervals,
which are calculated to minimize the load current errors. In
the proposed methods, one sampling period is divided into two
intervals, which changes at every sampling period, as

Tf + Ty =T, (12)

where TFand T¥ are the time intervals when the first nonzero
voltage vector v} and the second nonzero vector v5 , respectively,
are applied during the kth sampling period. Both the time inter-
vals should be larger than zero and smaller than the sampling
period 7. Using (12), the current dynamics in (6) for the one-
step future load current generated by the two nonzero vectors
can be expressed as

k
(kDT = i(KT) + 1 [of — Ri(KT,) — (k)]
k
+ sz (0§ — Ri(kT, + Tf) — e(kT, + T7)] . (13)

Since the back emf vector changes at a much lower frequency
compared with the fast sampling frequency, the two back emf
vectors in one sampling period can be assumed to be equal as

e(kT,) ~ e(kT, +TF). (14)

Furthermore, similar to the calculation shown in (10), the
present back emf vector of the proposed RCMV-MPC method
required in (13) is calculated with the assumption of the vector
being equal to the one-step past back emf by shifting (13) one-
step backward as

Tk—l
e(kT,) ~ é((k —1)T,) = 1T [vi ™ = Ri((k = 1)T%)]
Ty s - k-1
+Ts [UQ/ — Ri((k — )T, + 17 )}
_T% [i(kTL) = i((k = 1)T)]. (15)
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Fig. 3. Block diagram of the conventional model predictive control method.

In order to eliminate the adverse effects of the inevitable
control delay of the proposed RCMV-MPC methods, the two-
step prediction for the load current, as in (8), is required at
the kth instant, as in the conventional model predictive control
method. At the kth instant, the one-step future load current
i((k 4+ 1)Ts) required in (8) can be calculated from (13) by
using the measured present load current i(kTy) as well as the
two vectors v¥ and v%, and their corresponding time durations,
TF and T¥, respectively. On the basis of the calculated one-
step future load current i ((k 4 1)Ty), the six possible nonzero
voltage vectors at the (k 4 1)th instant lead to the six consequent
predictions of the load current i ((k 4 2)7T5)at the (k 4+ 2)th
instant in (8). The future back emf vector required in (8) is,
using (14), estimated by assuming that the future back emf
vector be equal to the present back emf vector as
. Ty
e((h+1)T) ~ ekT,) = 7

S

(o} — Ri(kT,)]

2]

+ T (0§ — Ri(kT, + T )]
L

= (e + DT = (T3],

S

(16)

On the basis of (8), (9), (13), (15), and (16), the two nonzero
voltage vectors at the (k 4+ 2)th instant can be selected among
the six nonzero voltage vectors from the cost function defined
as

g = {ii ((k+2)T2) —iq ((k+2)T})}
+{i5 ((k +2)T) — ig ((k + 2)T)}°

where i, ((k+ 2)Ts) and i4 ((k + 2)T;) are the a5 compo-
nents of the load current at the (k + 2)th instant, respectively.
In addition, i;, ((k + 2)7}) and 7 ((k + 2)T}) are the a3 com-
ponents of the reference current at the (k + 2)th instant. The
two-step predicted current reference i* ((k + 2)7T5) required in
(17) can be obtained from (10). Thus, the two nonzero vectors,
v’f L and vé“, which result in the two smallest values from the
cost function in (17), can be selected.

Once vlf 1 and vé’“ are selected, the respective durations
leﬂ and TQIC *1 for which they are applied in one sampling pe-
riod should be determined. The two-step predicted load current

a7

i ((k+2)T;) generated by the proposed RCMV-MPC method
I can be calculated as

i((k+2)T) =i ((k+1)Ty)

Tk+l

+ == [of ™! — Ri((k+ 1)T,) — e ((k + 1)T})]
T2k+1 k+1 . k+1

+ 2 [of T Ri (kDT + T

fe((kJrl)Ts+T1kH)]. (18)

The durations Tf’“ and TQIH'1 are optimally distributed
within one sampling period in such a way as to minimize the
squared errors of the instantaneous «/3-axis components of the
reference and actual currents based on the cost function. The op-
timal duration to distribute the two nonzero vectors is calculated
from (17) as

dg
oTFH!
Using (13), (16), (18), and (19), the future optimal duration

TF+! for the (k + 1)th first nonzero vector v¥ ! is determined
as

=0. (19)

T1k+1 _
Via [Leaa +Ts(Via —Via)]+Vag [Lesg + Ts(Vag — Vig)]
(Vaa )2 + (Vap)?

(20)
where Vg, = of Pt —ob L v = of Y~ Riy, (k4 1)T)
—em (KTy),  eam =15, (K +2)Ts) — iy ((k+1)T}), and

m = «, 3. The remaining duration TQI"Jrl for the second

nonzero vector vy ' can be automatically determined from
(12) and (20) as

T2k+l - T _ Tllf+1

=T, )

ey

Note that the effect of the on-time of the first voltage vec-
tor on the changes in the current is neglected in calculat-
ing in (20) in the proposed method I, by assuming that the
change in the load current vector operating at the fast sam-
pling frequency is relatively small compared to the sudden
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Fig. 4. Block diagram of the proposed RCMV-MPC method 1.
current current
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i Tk ! g
time time
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(a) (b)
Fig. 5. Examples of a-axis current behaviors generated by (a) the proposed RCMV-MPC method I (b) the proposed RCMV-MPC method II.

change of the two voltage vectors applied in one sampling pe-
riodasi ((k+ 1)T,) ~ i ((k+ 1)T, + Tf“). Considering the
inevitable delay in the controller, the control processes for the
proposed RCMV-MPC method I executed during the kth sam-
pling period are applied in the following steps to compensate
for the control delay:

1) measuring the load current i(kT}) at the kth instant;

2) applying the two nonzero VSI voltage vectors vf and v}
during T and T¥, respectively, which were determined
in the previous interval;

3) predicting the (k + 1)th load current i ((k + 1)7}) using
(13);

4) predicting the six (k + 2)th load currents i ((k + 2)T)
obtained by the six possible nonzero active voltage vectors
v**1 using (8);

5) calculating the (k+2)th load current reference
i ((k + 2)T) using (9);
6) selecting the two nonzero vectors fuf’“ and vé’“ on the

basis of the cost function in (17);
7) determining the optimal durations 7} " and Ty ™" using
(20) and (21); and
8) storingvf ™!, v T T and Ty ™! for application at the
beginning of the next (k + 1)th sampling instant.

By applying the delay compensation technique, almost one
sampling period can be assigned for the calculations and predic-
tions required to determine the two nonzero voltage vectors and
the respective durations. Fig. 4 shows the overall block diagram
of the proposed RCMV-MPC method I with the two nonzero
voltage vectors.

In the proposed RCMV-MPC method I, application durations
of the two selected nonzero vectors are determined to minimize

the current errors, whereas the two nonzero vectors are simulta-
neously selected as the same as the conventional method. There-
fore, in the proposed method I, the effects of the first vector and
its on-time duration on selecting the second vector are neglected,
for the purpose of implementing the algorithm without increas-
ing the calculation complexity significantly. Contrary to the pro-
posed RCMV-MPC method I, not only the selection of nonzero
voltage vectors but also their application durations in the future
sampling period are included in an optimization process in the
proposed RCMV-MPC method II, to reduce current errors and
ripples even without employing the zero vectors. Thus, an opti-
mal set of two nonzero voltage vectors with variable application
intervals, which are optimally determined at every sampling pe-
riod, can lead to high-quality load current waveforms as well as
reduced common-mode voltages, even with the reduced number
of usable vectors. The proposed method IT in advance selects the
first nonzero voltage vector as same as the conventional method
among the six nonzero vectors, on the basis of the cost function
g in (17). Then, the six applicable nonzero voltage vectors from
V; to Vg, including the preselected first nonzero voltage vec-
tor, are again considered as the second nonzero vectors. With
respective second nonzero vector, the proposed method II calcu-
lates the application durations to apply the first and the second
nonzero voltage vectors in such a way to result in the smallest
current errors in the future sampling period. As a result, to-
tally six sets consisting of two nonzero voltage vectors and the
corresponding application intervals of the two nonzero vectors
are evaluated in the proposed method II, whereas the proposed
method I judges only one set with the two nonzero vectors. This
is because the proposed method II selects the second nonzero
vector by considering the effects of the first nonzero vector and
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Proposed RCMV-MPC method 11
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Fig. 6. Block diagram of the proposed RCMV-MPC method II.

its on-time duration, contrary to the proposed method I. Fig. 5
shows the difference of the operation principles to select the sec-
ond vector in the proposed methods I and II. Among six possible
nonzero voltage vector sets obtained by the proposed method II,
one optimal set with two nonzero vectors used in the future
sampling period is selected to force the actual load current to
track the reference during the next sampling instant as close as
possible. In addition, the proposed algorithm II evaluates the six
sets of the nonzero voltage vectors on the basis of two evaluating
instants, for the purpose of selecting an optimal set to generate
load current trajectories with low current errors and current rip-
ples. If the optimal set is selected on the basis of the evaluation
only at the future sampling instant, a set to produce a large cur-
rent error inside the future sampling period might be selected as
an optimal one. Therefore, the proposed algorithm II evaluates
the actual and the reference currents at next sampling instant
as well as at a turning point of the two voltage vectors inside
the future sampling period. Fig. 5(b) illustrates an example of
the a-axis current trajectories generated by two nonzero voltage
vectors in the proposed RCMV-MPC method II. Although the
set with v} ;! and v} ;! results in the smaller current error at the
end of the sampling instant, the current behavior generated by
the set with vlfj{l and véj{l leads to better tracking capability
during the whole sampling period. Thus, the proposed method I1
selects the optimal set with the two nonzero vectors on the basis
of the cost function defined at two evaluating instants, which
are a turning point of the two nonzero vectors as well as at the
next sampling instant. It should be noted that the turning point
of the two nonzero vectors varies depending on the each second
nonzero vector. Therefore, the proposed method II evaluates the
six voltage sets on the basis of the two instants, which of one
is varying and the other one is fixed. The optimal set with the
smallest cost function calculated at the two evaluation instants
in the future sampling period is selected and is applied at the
next sampling period in the proposed method II.

Load current region
region 1 [ region 2 | region 3 [ region 4 [ region 5 | region 6

le

Fig. 7.  Effective voltage vectors generated when all the six IGBTs are OFF.

For the purpose of selecting the optimal nonzero vector set in
terms of the current errors, the proposed RCMV-MPC method I1
utilizes the cost function defined at two instants as

G = {i; (k+2)T.) — ia ((k + 2)T.)}
+ {05 (k+2)T) —ip (k+2)T0)}
+ Lo (B + DT+ 1) =iy (b + DT+ T Y

+ {0 (k+ DT+ T =iy (k+ DT+ 7)Y
(22)

Once the first nonzero vector is preselected by the cost func-
tion g in the conventional algorithm, the durations of the two
nonzero vectors applied in the future sampling period, Tf“
and TQI““, are determined by solving an optimization problem
depending on the respective second nonzero vector. The dura-
tions, le 1 and TQk 1 are optimally distributed within the future
sampling period in such a way as to minimize the squared er-
rors of the instantaneous a/3-axis components of the reference
and actual currents with respect to the durations. The optimal
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Fig. 8.

TABLE I
EFFECTIVE VOLTAGE VECTORS GENERATED DURING THE BLANKING TIME
WHEN THE SWITCHING TRANSITIONS OCCUR IN THREE VSI LEGS

Load current region 1 region2  region3  region4  region5  region 6
region
Effective V3 \Z A\ Vi A\ V,

voltage vector

duration to distribute the two nonzero vectors is calculated as

0G

ST = 0. (23)

By reflecting (9), (13), (18), and (22) into (23),
future optimal duration for the first future nonzero vec-
tor is determined as (24) shown at the bottom of the
page where ey, = iy, ((k+1)Ts) —in, (kK +1)T5), iy, =

i, (k4 2)Ts) — i, (k4 1)Ty), and m = «, B. The remain-
ing duration of the second nonzero vector, TQIC +1 , 1s then de-
cided using (12) and (24). In order to compare the actual
load current and the reference current at the turning point
t=(k+1)T, + le“, the reference current at the instant
t=(k+ 1T, + Tf“ is required as well. Thus, the reference
current value at the turning point t = (k 4+ 1)T, + TF*! at the
future step is calculated as

((h+ DTy + T = ((k + 1)T,)

k-+1

((k+2T) =it (k+DT)} (25)

Thus, the reference current value i* ((k + 1)T + T 1) can
be obtained for the respective second nonzero vector once the
application time of the first nonzero voltage vector Tf“ is
calculated in (24). Based on the cost function in (22), the opti-

mal future set with the two nonzero vectors and their optimal
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time
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time
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Vet V1(100) V(01 1) V4(011) Ve V1(100)V5(001)V4(011)
Vem| Ye | Vae | Ve Vem| Yeae | Y | Vae
6 6 6 6 6 6
(©) (d)

Examples of switching patterns and common-mode voltage during the blanking time in case of the transitions in (a) one VSI leg at region 2, (b) one VSI
leg at region 3, (c) three VSI legs at region 2, and (d) three VSI legs at region 3.

V,(100) *2"E v 4(010) V,(100) *2""8ly7y010)
Sy S
S, S
SZ Sz
S, S,
S; S;
S; S5
Vg |V1(100) V3(010)V5(010) Ve [V1(100)V(000) V3(010)
(a) (b)

Fig. 9. Examples of switching patterns and common-mode voltage in case of
the simultaneous transitions in two VSI legs (a) at region 2 and (b) at region 3.

V1(100) 278 v3(010)
Si
Si
S,
S,
S;
S; VOff’
Vet |V1(100)V5(001) V5(010),

Fig. 10. Switching patterns to reduce the common-mode voltage during
the blanking time in case of the simultaneous transitions in two VSI legs at
region 3.

durations to generate the smallest current errors inside the fu-
ture sampling period as well as at the future sampling instant
can be selected, among the six candidates. As a result, the two
future nonzero voltage vectors determined in the proposed al-
gorithm II are applied during the predetermined duration in the
future sampling period. Fig. 6 shows the block diagram of the

V;la [L62(y + Te(vda - VL&)] + Vdﬂ [L62/5 + T9 (‘/dﬂ -

k+1 _
W =

Vig)]

- L {em (TLjiZ(, - VLa) +e1p (TLZ% - VL[})}

(Vi + Vag)* + (i = Vi) + (i = Vo)

(24)
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Fig. 11.  Simulated waveforms of the proposed RCMV-MPC method I with Ts = 100 ps: (a) the three-phase load currents (¢, , %5, and 4. ) and a-phase reference

current (i}, ), (b) phase voltage (v, ,, ) and common-mode voltage (vem ), and (c) frequency spectrum of the a-phase load current (/* = 6 A and V. = 100 V).
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Simulated waveforms of the proposed RCMV-MPC method II with 7 = 100 ps: (a) the three-phase load currents (¢, , 7j, and i, ) and a-phase reference

current (¢}, ), (b) phase voltage (v, ) and common-mode voltage (v, ), and (c) frequency spectrum of the a-phase load current (I* = 6 A and V. = 100 V).

proposed method II. The block diagrams in Figs. 3, 4, and 6
clearly show that the proposed RCMV-MPC methods I and II
can be implemented with no additional measurements compared
with the conventional method.

The common-mode voltage is sensitive to the blanking time of
the IGBTs, where an effective voltage vector is generated by the
uncontrollable load current conduction through the freewheel-
ing diode during the blanking time. Because the model predic-
tive control methods including the proposed methods select an
optimal voltage vector at every sampling period, switching tran-

sition is not limited to adjacent vectors. Therefore, unlike the
well-known space vector pulse width modulation method where
only one leg is involved in every switching transition, the model
predictive control methods can lead to the switching transitions
in one, two, or three legs depending on the selected optimal
voltage vector at the next step. Because the uncontrollable load
current flows through the freewheeling diode during the blank-
ing time, an effective voltage vector during the blanking time
depends on the directions of the three-phase load currents. One
fundamental period of the load currents can be classified into six
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(7}), (b) phase voltage (v,, ) and common-mode voltage (v¢m ), and (c) frequency spectrum of the a-phase load current (I*

(©

Simulated waveforms of the conventional method with 75 = 100 ps: (a) the three-phase load currents (i, 5, and i.) and a-phase reference current

6 A and Vg, = 100 V).
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Fig. 14. Comparative results of the proposed RCMV-MPC methods I and II with the conventional method as a function of the sampling periods: (a) current

errors of the load currents, (b) THD of the load currents, and (c) number of switchings (V3. = 100 V and I* = 6 A).

regions in which none of the load currents change their polari-
ties, as shown in Fig. 7. Thus, an effective voltage vector during
the blanking time is determined according to which region the
switching operation occurs at.

In the case that only one leg is involved in the switching op-
eration, one of the six active vectors dependent on the load
current directions is produced during the blanking time. In
addition, all the six IGBTS in the VSI are open during the blank-
ing time, when the switching transition simultaneously happens
in all the three legs. Therefore, one of the six active vectors
is generated as an effective voltage vector during the blanking
time. Fig. 8 illustrates examples of the switching patterns and
the common-mode voltages during the blanking time in the case
of the transitions in one and three VSI legs, respectively. In par-
ticular, in the case of the switching transitions in three VSI legs,
an effective voltage vector during the blanking time is entirely
determined by the region, where the switching transition hap-
pens, because all the three IGBTs are OFF during the blanking

time. Table I shows the effective voltage vectors generated dur-
ing the blanking time when the switching transitions occur in
three VSI legs. Thus, it can be concluded that the blanking time
involved in the transitions in one leg or three legs gives no ad-
verse effects on reducing the common-mode voltage because
the zero vectors are not generated during the blanking time.
However, simultaneous transitions in the two VSI legs might
result in unplanned zero vectors during the blanking time, de-
pendent on the direction of the load currents. Fig. 9 shows an ex-
ample of the simultaneous switching transitions in two VSI legs
at region 2 and at region 3, respectively. Whereas the effective
voltage vector during the blanking time becomes the nonzero
vector V3 at region 2, the zero vector V) is generated during the
blanking time at region 3. Therefore, simultaneous transitions
in the two VSI legs result in the spontaneous zero vector and the
increased common-mode voltage, which should be prevented to
maintain the reduced common-mode voltage. In the case of si-
multaneous transitions in two VSI legs, the method to drive the
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Fig. 15. Three-phase output currents (¢, %, and ¢.) and a-phase reference current (¢, ) for a frequency step change from 60 to 90 Hz obtained from (a) the

proposed RCMV-MPC method I for 75 = 100 ps, (b) the proposed RCMV-MPC method II for 75 = 100 ps, and (c) the conventional method for 7s = 100 us.
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Three-phase output currents (4, , 75, and 4. ) and a-phase reference current (i, *) for a magnitude step change obtained from (a) the proposed RCMV-MPC

method I for Ty = 100 ps, (b) the proposed RCMV-MPC method II for 7 = 100 ps, and (c) the conventional method for 7'y = 100 ps.

three-phase load currents to flow only through the freewheeling
diodes during the blanking time is, which is similar with the case
of simultaneous switching of the three VSI legs, employed in
the proposed RCMV-MPC methods to prevent the undesirable
zero vectors from being produced during the blanking time [27].
As aresult, during the blanking time in simultaneous transitions
in the two VSI legs, all the IGBT are forced to OFF and the
effective vector is restricted to the nonzero vectors, as shown in
Fig. 10.

IV. SIMULATION RESULTS

Figs. 11 and 12 show the simulated waveforms obtained from
the proposed RCM V-MPC methods using only the nonzero volt-
age vectors with V. = 100 V, Ty = 100 ps, and an RLe load
with R =25 Q, L = 10 mH, and e = 20 V. For comparison,
the simulated results of the conventional method with the zero
vector V are shown in Fig. 13. The per-unit values for the
voltage, current, impedance are 0.134 V, 0.142 A, 0.314 ©, re-
spectively, by assuming that the base voltage and base power
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Fig. 17.

Experimental waveforms of the RCMV-MPC method I with 7; = 100 ps: (a) the three-phase load currents (i, ij, and i.) and a-phase reference

current (¢, ) (3 A/div and 4 ms/div), (b) phase voltage (v, ) (100 V/div and 4 ms/div) and common-mode voltage (v¢y, ) (50 V/div and 4 ms/div), and (c) frequency
spectrum of the a-phase load current (10 mA/div and 1.25 kHz/div) (/* = 6 A and V3. = 100 V).
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Fig. 18.

Experimental waveforms of the RCMV-MPC method IT with 75 = 100 ps: (a) the three-phase load currents (i, , 75, and i.) and a-phase reference

current (i} ) (3 A/div and 4 ms/div), (b) phase voltage (v, ) (100 V/div and 4 ms/div) and common-mode voltage (ver ) (50 V/div and 4 ms/div), and (c) frequency
spectrum of the a-phase load current (10 mA/div and 1.25 kHz/div) (/* = 6 A and V3. = 100 V).

are 750 V and 39 000 W, respectively. Figs. 11 and 12 show that
the load currents generated by the two proposed RCMV-MPC
methods accurately track their references. In addition, it is ob-
served that the common-mode voltages of the proposed meth-
ods are limited to +Vj./6, whereas the conventional method
generates a common-mode voltage oscillating between V. /6
and —Vj./2 owing to the utilization of V. The THD of the
load current observed in the proposed RCMV-MPC method I
is slightly higher than that in the conventional method, whereas
the proposed RCMV-MPC II leads to lower THD value than the

conventional method due to more sophisticated optimization al-
gorithm. Because the proposed RCMV-MPC methods utilizes
the two nonzero voltage vectors with their optimum duration,
the proposed methods result in satisfactory waveform quality in
comparison with the conventional method, despite the utiliza-
tion of only six nonzero vectors.

The performance of the VSIs based on predictive control
methods is strongly influenced by the sampling period because
of the inherent operating principle. As a result, the performance
of the VSI based on the two proposed RCMV-MPC methods
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Fig. 19. Experimental waveforms of the conventional method with 7y = 100 ps: (a) the three-phase load currents (4, , ¢;, and 7. ) and a-phase reference current
(%) (3 A/div and 4 ms/div), (b) phase voltage (v, ) (100 V/div and 4 ms/div) and common-mode voltage (ver ) (50 V/div and 4 ms/div), and (c) frequency
spectrum of the a-phase load current (10 mA/div and 1.25 kHz/div) (I* = 6 A and V. = 100 V).
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Fig. 20.  Experimental waveforms with 7's = 200 ps, the a-phase load current (i, ), a-phase reference current (i}, ) (3 A/div and 4 ms/div), phase voltage (v, )
(100 V/div and 4 ms/div), common-mode voltage (v, ) (50 V/div and 4 ms/div), and frequency spectrum of the a-phase load current (20 mA/div and 1.25 kHz/div)
obtained from (a) the proposed RCMV-MPC method I, (b) the proposed RCMV-MPC method II, and (c) the conventional method (I* = 6 A and V. = 100 V).
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(c)

Experimental waveforms with the 50% underestimated inductance and the exact resistance (I* = 6 A, T = 100 us, and V4. = 100 V) for (a) the

proposed RCMV-MPC method I (b) the proposed RCMV-MPC method II, and (c) the conventional method.

are compared with that of the VSI based on the conventional
model predictive control method in terms of current errors, THD
of the load currents, and average number of switching transi-
tions as a function of the sampling period, as shown in Fig. 14.
Fig. 14(a) shows the percentages of the current errors obtained
by the proposed RCMV-MPC 1, II, and conventional methods
versus the sampling period. The percentage of the current error
is defined as the absolute difference between the reference and
load currents normalized to the respective rms value of the load
current references as

x 100

%error(iy ) (26)

where the value of Nis 20 000 per fundamental period of the out-
put. The proposed RCMV-MPC method I yields slightly higher
current errors than the conventional method because no zero
vector utilization in the proposed RCMV-MPC method I de-
creases the current-tracking capability. On the other hand, the
proposed RCMV-MPC method II leads to significantly lower
current errors than the conventional method. Fig. 14(b) shows
the THD percentages obtained by the proposed and conven-
tional methods as a function of the sampling period. The THD

percentage is defined as

> Wittty

r=a,b,c
>

z=a,b,c

%THD = x 100

27)

i.z‘l

where 7., and 7,,, are the fundamental and nth-harmonic com-
ponents of the load current in phase x, respectively. The number
n was set to 8335 in the simulation. Fig. 14(b) shows that the
proposed method I exhibits a slightly higher THD than the con-
ventional method because of its operating principle with only
nonzero vectors to reduce the common-mode voltage, whereas
the proposed method II results in significantly lower THD val-
ues than the conventional method. Furthermore, the average
numbers of the switching transitions, which are calculated by
measuring the number of switching operations of the switches
for 15 output periods, are shown in Fig. 14(c). It is seen that the
two proposed methods increase the number of switching tran-
sitions in comparison with the conventional method because
the proposed schemes employ two nonzero vectors during one
sampling period to compensate for the reduced number of volt-
age vectors by avoiding the zero vectors. In addition, it is seen
that the proposed RCMV-MPC II yields better performance in
the current errors and the THD values at the expense of the
increased number of switching transitions, in comparison with
the proposed method I and the conventional method.
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Fig. 22. Experimental waveforms with the 50% overestimated inductance and the correct resistance (I* = 6 A, Ts = 100 us, and V3, = 100 V) for (a) the
proposed RCMV-MPC method I (b) the proposed RCMV-MPC method II, and (c) the conventional method.
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Fig. 23. Experimental waveforms with the correct inductance and 50% underestimated resistance (I* = 6 A, Ts = 100 us, and V4. = 100 V) for (a) the
proposed RCMV-MPC method I and (b) the proposed RCMV-MPC method II.
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Experimental waveforms with the correct inductance and 50% overestimated resistance (I* = 6 A, 75 = 100 ps, and Vy. = 100 V) for (a) the proposed
RCMV-MPC method I and (b) the proposed RCMV-MPC method II.
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Fig. 25.

Experimental waveforms of the three-phase load currents (i, , 75, and 4. ) and a-phase reference current (i}, ) (3 A/div and 4 ms/div) for a magnitude step

change from 6 to 3 A for (a) the proposed RCMV-MPC method I, (b) the proposed RCMV-MPC method II, and (c) the conventional method (T = 100 us and

Vie = 100 V).
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(b) (c)

Experimental waveforms of the three-phase load currents (i, i5, and ¢.) and a-phase reference current (i) (3 A/div and 4 ms/div) a frequency step

change from 60 to 90 Hz for (a) the proposed RCMV-MPC method I, (b) the proposed RCMV-MPC method II, and (c) the conventional method (75 = 100 us

and V. = 100 V).

The dynamic responses for the sampling time 7, = 100 us
are shown in Figs. 15 and 16. The reference current has a step
change in the frequency from 60 to 90 Hz in Fig. 15, whereas
the magnitude of the reference currents is subject to a half-step
change in Fig. 16. It is readily observed that the three-phase load
currents controlled by the two proposed RCMV-MPC schemes
follow the reference change as fast as those controlled by the

conventional method for both step changes.

V. EXPERIMENTAL RESULTS

The two proposed RCMV-MPC methods were tested using
a prototype setup, where the entire switching algorithms with
the current control methods were implemented in a DSP board
(TMS320F28335) to generate sinusoidal load currents with a
60-Hz fundamental output frequency. Figs. 17 and 18 show the
experimental waveforms obtained from the RCMV-MPC meth-

ods I and IT with 7, =100 pus, [* =6 A, and V3. = 100 V.
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For comparison, the VSI based on the conventional model pre-
dictive control method is operated under the same operating
conditions, and the resulting waveforms are shown in Fig. 19.
Figs. 17 and 18 show that the experimental waveforms obtained
from the two proposed methods are similar to those in the sim-
ulation results in Figs. 11 and 12, respectively. For the two pro-
posed RCMV-MPC methods, the load currents controlled by the
proposed methods accurately track the current reference, where
the common-mode voltage vy, is small and limited to +V./6
owing to the nonutilization of the zero vectors. Note that the
common-mode voltage of the conventional method varies from
Vae /6 to —Vg. /2, as shown in Fig. 19(b), because only Vj is
used in the control algorithm. The output voltages of the VSI
operated by the proposed RCMV-MPC methods I and IT in Figs.
17(b) and 18(b) are different from the voltage of the conven-
tional method in Fig. 19(b) depending on the utilization of the
zero vectors. In addition, the ripple components of the load cur-
rents in the proposed RCMV-MPC method I are almost similar
to those observed in the conventional model predictive method,
whereas the proposed RCMV-MPC method I results in reduced
ripples of the load currents than the conventional method. The
frequency spectra of the load currents obtained from the pro-
posed and conventional methods are shown in Figs. 17(c), 18(c),
and 19(c), illustrating that the proposed methods I and II result
in a slightly higher THD and significantly lower THD than the
conventional method, respectively. Note that the THD values in
the experimental study are obtained by measuring the experi-
mental load currents and by computing them using the power
analysis application module in the Tektronix digital oscilloscope
(500 MHz MSO3054). The power analysis module was set up
to consider the 400th-harmonic component because it was the
maximum number of harmonics to be considered by the power
analysis application module.

Fig. 20 shows the experimental waveforms obtained from the
proposed RCMV-MPC and conventional methods with T =
200 ps. It is observed that the results are similar to those with
T, = 100 us, except for the increased current ripples and THD.

The effects of inductance and resistance errors used in the
control models of the proposed and conventional methods are
experimentally compared in Figs. 21-24. Fig. 21 shows exper-
imental waveforms of the conventional and proposed methods,
where the control algorithms are operated with the 50% under-
estimated inductance and exact resistance. As shown in Fig. 21,
the load currents of both the proposed and conventional methods
exhibit increased ripples and deviations from the references. In
addition, the waveforms resulting from the control methods with
the 50% overestimated inductance and correct resistance are
shown in Fig. 22. The current waveforms with the overestimated
inductances in both the proposed and conventional controllers in
Fig. 22 are less deteriorated than those with the underestimated
inductance in Fig. 21. Furthermore, Figs. 23 and Fig. 24 show
the experimental results of the proposed RCMV-MPC methods
with the 50% underestimated and 50% overestimated resistance
as well as the exact inductance, respectively. It is observed that
the current waveforms obtained from the proposed methods are
relatively unaffected by the inaccurate resistance value. Thus,
the THD and current errors are more affected by the load induc-
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tance than by the load resistance in the proposed RCMV-MPC
methods, as in the conventional scheme.

The dynamic responses of the proposed and conventional
methods with the sampling time 7, = 100 ps are shown in
Figs. 25 and 26. For the proposed RCMV-MPC methods, the
three-phase load currents follow the change in the reference
with fast dynamics as observed in the conventional method for
step changes in both frequency and magnitude. In the experi-
mental setup, the execution time required to complete the entire
algorithms of the proposed RCMV-MPC methods I, I, and the
conventional method were calculated by measuring calculation
cycles of the DSP board. The total execution time of the pro-
posed methods I and II in the experimental study were 19.83
and 47.01 us, respectively. As a result, it is concluded that the
proposed method II results in better performance in the current
errors and the THD values at the expense of the higher number
of switching and the higher complexity of calculation than the
proposed method I.

VI. CONCLUSION

This paper has proposed the RCMV-MPC methods to reduce
the common-mode voltage of three-phase VSIs as well as to
control the load currents with fast dynamics. In the proposed
RCMV-MPC methods, only nonzero vectors are utilized to re-
duce the common-mode voltage by avoiding the zero vectors
that generate the highest common-mode voltages. In addition,
two nonzero voltage vectors are selected and applied in one sam-
pling period to compensate for the reduced number of usable
voltage states. The two selected nonzero vectors are distributed
in one sampling period in such a way as to minimize the error
between the reference and actual load currents. On the basis
of the two nonzero vectors and their optimal distribution in one
sampling period, the proposed RCMV-MPC methods can reduce
the common-mode voltage as well as control the load currents
with fast transient response and satisfactory load current ripple
performance compared with the conventional model predictive
control method.
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