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Predictive Control Method With Future
Zero-Sequence Voltage to Reduce Switching Losses

in Three-Phase Voltage Source Inverters
Sangshin Kwak, Member, IEEE, and Jun-Cheol Park

Abstract—This paper proposes a predictive control method with
zero-sequence voltage injection to efficiently reduce the switch-
ing losses of three-phase voltage source inverters (VSIs). In the
proposed predictive control method, three-phase future voltage
references modified by a zero-sequence voltage injection are gen-
erated to clamp one of the three legs with the largest load current.
Furthermore, the future zero-sequence voltage, which is produced
online with the future voltage and current references in every sam-
pling period, optimally adjusts the clamping duration on each leg,
depending on the load angle. In addition, the proposed method se-
lects the zero vector on the basis of the polarity of the future zero-
sequence voltage to reduce the switching losses. Using a predefined
cost function, the proposed predictive control scheme chooses one
optimal voltage state closest to the future voltage references modi-
fied by the zero-sequence voltage injection. Therefore, the proposed
predictive control method can perform load current control and
minimize the switching losses of the VSI under any load condition
regardless of the load angle.

Index Terms—Predictive control, switching losses, voltage source
inverter (VSI), zero-sequence voltage.

I. INTRODUCTION

THREE-PHASE current-controlled voltage source invert-
ers (VSIs), shown in Fig. 1, have been considered as the

most popular structure for supplying three-phase loads. Ac-
cordingly, the proportional–integral (PI) control methods with
distinct pulse-width modulation (PWM) blocks and the nonlin-
ear hysteresis current controls have been widely employed in
current-controlled VSIs [1], [2]. Recently, the predictive con-
trol method based on the finite-control-set concept has been
developed as a simple and effective current control technique
for VSIs owing to its simplicity without using any individual
PWM blocks as well as its control flexibility [3]–[13]. By using
the fundamental principle that a VSI can only apply seven dif-
ferent voltage states to the loads, the 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.
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Fig. 1. VSI structure.

Fig. 2. Concept of the conventional predictive control method of the VSI.

Among the seven possible states, the controller evaluates all
the predicted current values using a predefined cost function to
select an optimal switching state to minimize the error between
the future load current and the reference, as shown in Fig. 2.

On the other hand, high efficiency with reduced switching
losses is as primarily important as the current-tracking capabil-
ity of the VSIs. One solution to reduce the switching losses in
the VSIs is adding zero-sequence voltages to the three-phase
voltage references, which results in discontinuous PWMs (DP-
WMs) [14], [15]. Theoretically, by clamping one phase of the
three VSI legs with a suitable zero-sequence voltage injection,
the DPWMs can yield an average 33% reduction in the switch-
ing losses compared with the continuous PWM [14]. Several
DPWM methods have been presented to reduce the switch-
ing losses of the VSIs, which reduce the switching losses with
loads operating at different load angles [14], [15]. However,
the current-controlled VSI with a predictive control method as
shown in Fig. 2 is based on the load currents and the references.
As a result, reducing the switching losses by clamping one of
the three VSI legs with a proper zero-sequence voltage injec-
tion is not straightforward in the current-controller VSI with
the predictive control method, in contrast to the conventional PI
current controllers.

This paper proposes a predictive control method with fu-
ture zero-sequence voltage injection to effectively reduce the
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switching losses of the VSIs. The proposed scheme generates
three-phase modified future voltage references, which adds the
common future zero-sequence voltage to the three-phase fu-
ture voltage references produced by an inverse dynamic model.
The three-phase future voltage references modified by the zero-
sequence voltage injection clamp one of the three VSI legs with
the largest load current to either the positive or negative dc-bus
bar. Furthermore, the future zero-sequence voltage, which is
produced online with the future voltage and current references,
automatically determines the clamping leg and the clamping
region on the basis of the sampling period. By injecting the
online future zero-sequence voltage, the clamping regions with
no switching operation adaptively move or split, depending on
the load angle, to prevent the leg with the largest load current
from being switched at any instant. In addition, the proposed
predictive control method determines how to optimally select a
zero vector between the two zero vectors in terms of the switch-
ing losses using the future zero-sequence voltage. By selecting
one optimal voltage state closest to the future voltage references
modified by the zero-sequence voltage injection using a cost
function, the proposed predictive control method can perform
load current control and minimize the switching losses of the
VSIs. Practical consideration to compensate for the unavoidable
calculation delay present in the digital signal processor (DSP)
is also presented based on the inverse dynamic model. The
simulation and experimental results with a three-phase VSI are
presented to validate the proposed predictive control method.

II. PROPOSED PREDICTIVE CONTROL METHOD

WITH ZERO-SEQUENCE VOLTAGE INJECTION TO REDUCE

SWITCHING LOSSES

A. Description of the VSI Model

In the three-phase VSI shown in Fig. 1, eight voltage vectors,
including six active and two zero vectors, are generated by eight
switching combinations to adjust the load currents [3], [4]. The
switching functions of the switches take on binary values “1”
and “0” in the closed and open states, respectively. The lower
switches have the complementary values of their upper switches.
Because of the redundancy of the two zero vectors that generate
equal output voltage vector, only seven control elements are
available in the finite control set of the three-phase VSI.

The load current dynamic of the three-phase VSI with a gen-
eral three-phase resistive–inductive load is expressed in a vector
form in the abc frame as

vabc = Riabc + L
diabc

dt
(1)

where R and L denote the load resistance and inductance, re-
spectively. In addition, vabc and iabc represent the voltage vec-
tor generated by the VSI and the load current vector in the abc
frame, respectively. The derivative of the load current in the
continuous-time model can be approximated on the basis of the
forward Euler approximation with sampling period Tsp as

diabc

dt
≈ iabc (k + 1) − iabc (k)

Tsp
. (2)

The load current dynamic of (1) can then be represented in
the discrete-time domain as

iabc (k + 1) =
(

1 − RTsp

L

)
iabc (k) +

Tsp

L
vabc (k) . (3)

Assuming that the one-step future load currents become equal
to the one-step future current references by applying the voltage
reference, the load dynamic in (3) can be expressed by the
inverse dynamic model as [16], [17]

v∗
abc (k) =

1
Tsp

{Li∗abc (k + 1) + (RTsp − L) iabc (k)} . (4)

B. Delay Compensation

By shifting the inverse model in (4) by one-step forward, the
future voltage reference at the (k + 1)th instant is obtained as

v∗
abc (k + 1) =

1
Tsp

{
Li∗abc (k + 2)

+ (RTsp − L) iabc (k + 1)
}
. (5)

At the kth instant, the one-step future load current iabc (k +
1) required in (5) can be calculated by measuring the present
load current iabc (k) and the present VSI voltage application
vabc(k), as shown in (3). Furthermore, the one-step future cur-
rent reference i∗abc(k + 1) can be calculated from the Lagrange
extrapolation using the present and the two past reference values
as [4]

i∗abc (k + 1) = 3i∗abc (k) − 3i∗abc (k − 1) + i∗abc (k − 2) . (6)

The two-step future current reference i∗abc (k + 2) required in
(5) can be obtained by shifting by one-step forward the future
current reference i∗abc (k + 1) in (6) as

i∗abc (k + 2) = 3i∗abc (k + 1) − 3i∗abc (k) + i∗abc (k − 1) . (7)

Considering the inevitable delay existing inside the controller,
the control steps are modified on the basis of (5) to compensate
for the control delay as follows:

1) measuring the load current iabc (k) at the kth instant;
2) applying the kth VSI voltage vabc (k), which was deter-

mined by v∗abc (k) calculated in the previous interval;
3) predicting the (k + 1)th load current iabc (k + 1) with

iabc (k) and vabc(k) using (3);
4) calculating the (k + 2)th load current reference i∗abc (k +

2) using (6) and (7);
5) predicting the future voltage reference v∗abc (k + 1) in (5),

which is stored 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 optimal voltage vector. Because
the VSI can only generate seven possible voltage states, the
seven voltage states are evaluated by a predefined cost function
to select one optimal state closest to the future voltage reference
in (5). By applying the optimal voltage state to the load, the load
current generated by the VSI at the next sampling instant can
track the future current reference.
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Fig. 3. Block diagram of the proposed predictive control method with zero-sequence voltage injection to reduce switching loss.

C. Predictive Control Method With Future Voltage
References Modified by Zero-Sequence Voltage Injection

In this study, the three-phase future voltage reference in (5)
is modified by injecting the future zero-sequence voltage to
minimize the VSI switching loss. Fig. 3 shows the overall block
diagram of the proposed predictive control method with the
zero-sequence voltage injection. The three-phase future voltage
references achieved by the inverse dynamic model in (5), i.e.,
v∗

a (k + 1), v∗
b (k + 1), and v∗

c (k + 1), are normalized by dividing
them with the peak value to limit their magnitude within ±1.
The peak value for the normalization is obtained by

V ∗
pk (k + 1) =

√
(v∗

α (k + 1))2 + (v∗
β (k + 1))2 (8)

where v∗
α (k + 1) and v∗

β (k + 1) are the α and β components of
the abc voltage vector vabc (k + 1) achieved by the abc-to-αβ
transformation given by

v∗
α (k + 1) = (1/3) {2v∗

a(k + 1) − v∗
b (k + 1) − v∗

c (k + 1)}

v∗
β (k + 1) = (1

/√
3) {v∗

b (k + 1) − v∗
c (k + 1)} .

The instantaneous switching losses depend on the magnitude
of the load current flowing through the leg of the VSI at the
instant of switching [16]. Thus, the future zero-sequence voltage
in the proposed method is generated in such a manner that the
three-phase future voltage references modified by the future
zero-sequence voltage injection can clamp one leg that conducts
the largest load current to either the positive or negative dc-link.
Fig. 4 shows the flowchart of the generation of the future zero-
sequence voltage to reduce the switching loss in the proposed
predictive control method. The three normalized future voltage
references obtained by the inverse dynamic model are sorted on
the basis of their magnitudes and are assigned as

v∗
max(k + 1) = MAX [v∗

na(k + 1), v∗
nb(k + 1), v∗

nc(k + 1)]

v∗
mid(k + 1) = MID [v∗

na(k + 1), v∗
nb(k + 1), v∗

nc(k + 1)]

v∗
min(k + 1) = MIN [v∗

na(k + 1), v∗
nb(k + 1), v∗

nc(k + 1)] .

(9)

The normalized future voltage references are used to de-
tect a prohibitive phase that should not be clamped to avoid
overmodulation of at least another phase because clamping a

Fig. 4. Flowchart of the future zero-sequence voltage generation in the pro-
posed predictive control method.

nonallowed-phase leads to overmodulation of at least another
phase; consequently, the overmodulation results in loss of the
current controllability of the VSI [15]. The prohibitive phase,
which should be prevented from being clamped, corresponds
to the phase with medium voltage v∗

mid (k + 1) to ensure that
the VSI operates within the linear modulation range. Therefore,
v∗

mid (k + 1) is excluded in the process to generate the zero-
sequence voltage. As a result, one of the two remaining legs
associated with v∗

max (k + 1) and v∗
min (k + 1) must be clamped

to either the positive or negative dc-link, depending on which
leg conducts a larger load current. For example, when the leg
assigned to v∗

max (k + 1), which should be positive, conducts a
current with a higher magnitude, the future zero-sequence volt-
age is generated so as to clamp the upper switch in the leg with
v∗

max (k + 1) to the positive dc-link. Thus, the modified volt-
age references with the future zero-sequence voltage injection
prevent one leg with the largest load current from switching. Be-
cause the future zero-sequence voltage is optimized online on
the basis of the future voltage and current references, as shown
in Fig. 4, the proposed algorithm to determine the clamping leg
does not require extra calculation about the load power factor.
Moreover, because the future zero-sequence voltage is calcu-
lated on the basis of the sampling period, the clamping region is
adaptively shifted depending on the load angle. Therefore, the
proposed predictive control method can reduce the switching
losses at any operating point, including transient and steady-
state conditions.
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TABLE I
VALID EIGHT SWITCHING STATES AND CORRESPONDING LOAD PHASE

VOLTAGES OF THE VSI

The modified future voltage reference with the future zero-
sequence voltage injection is, as shown in Fig. 3, assessed by a
cost function defined as

g = |v∗∗
a (k + 1) − va (k + 1)| + |v∗∗

b (k + 1) − vb (k + 1)|
+ |v∗∗

c (k + 1) − vc (k + 1)| (10)

where vi ∈ {0,±Vdc/3, ±2Vdc/3}, i = a, b, and c. The valid
eight switching states and the corresponding VSI voltage states
are listed in Table I. The proposed predictive control scheme
that uses the cost function selects the optimal switching state,
which can generate the optimal output voltage state closest to
the modified future voltage reference. The cost function prede-
termined to minimize the errors between the voltage references
and the VSI output voltages selects the optimal switching state
in the next step. Because the future voltage reference is modi-
fied to ensure clamping of one leg with the largest current, the
proposed predictive control method can reduce the switching
loss and perform current control to track the current references.

Although the two zero vectors result in the same output volt-
age to the load, improper selection of the zero vector might
lead to unnecessary switching operation, which increases the
switching loss. Because selecting the switching state using only
the cost function cannot provide the optimal choice of the zero
vector in terms of the switching loss, this study develops an
optimal zero-vector selection using the future zero-sequence
voltage to reduce the switching losses. In the case where the
zero vector is selected as the optimal voltage state by the cost
function, the polarity of the future zero-sequence voltage de-
cides which zero vector is utilized, as shown in Fig. 5. When
voltage vzsv is positive and negative, zero vectors V7 and V0
are employed, respectively. This selection of the zero vectors
enables the switching patterns to maintain the clamping period
with no switching operation, as shown in Fig. 5.

The block diagrams in Figs. 2 and 3 clearly show that the pro-
posed predictive control method can be implemented with no
additional measurement because the future current and voltage
references required to construct the future zero-sequence volt-
age are already available inside. Note that, although the actual
future output currents may also be utilized to generate the future
zero-sequence voltage, it might result in the delay of one sam-
pling period as well as in waveform distortion because of the

Fig. 5. Selection method of the zero vector.

current ripples. Therefore, the future current references are used
to produce the zero-sequence voltage in the proposed control
method. In the proposed predictive control method, only two
phases are modulated, and one phase with the largest load cur-
rent, if it is not the prohibitive phase, is clamped to the positive
or negative dc-bus bar. The modified future voltage references
with the zero sequence voltage and the optimal distribution of
the zero vector by the proposed method can lead to high effi-
ciency with the reduced switching losses of the VSI.

III. SIMULATION RESULTS

Fig. 6 shows the simulated waveforms obtained by the pro-
posed predictive control method at different load angles, where
the filtered voltage references v∗

na and v∗∗
na are shown for clar-

ity. The proposed predictive control method prevents switch Sa

of the VSI from switching in the vicinity of the largest ranges
of the load current ia . In addition, the clamping period gen-
erated by the proposed predictive control method moves and
splits, depending on the load angles. Fig. 6(a) shows that the
proposed predictive control features DPWM 1, where the center
of the clamped region is aligned with the peak of the current and
voltage references, with loads of almost unity power factor. Fur-
thermore, the proposed predictive control method can produce
the same switching pattern with DPWMs 2 and 3 at 30◦ and 90◦

load angles, respectively, as shown in Fig. 6(b) and (d). There-
fore, the proposed predictive control method can result in the
switching patterns to reduce the switching losses irrespective of
the load angle.

For purpose of comparison, Fig. 7 shows the normalized a-
phase reference current ia and the switching signal Sa obtained
from the conventional predictive control method with different
load angles. Because the conventional predictive control method
is, in general, realized with only one zero state between V0 and
V7 , the waveforms using the zero state V0 are illustrated in
Fig. 7. As seen from Fig. 7, the conventional predictive control
method produces the switching pulse patterns with spontaneous
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Fig. 6. Simulated waveforms of current reference i∗a , filtered reference voltage
v∗

n a , future zero-sequence voltage vz sv , filtered future reference voltage with
zero-sequence voltage injection v∗∗

n a , and a-phase upper switching signal Sa

of the proposed method (Tsp = 50 μs, I∗ = 0.5 A, and Vdc = 200 V) with
(a) φ ≈ 0◦, (b) φ = 30◦, (c) φ = 75◦, and (d) φ ≈ 90◦.

clamping periods, where the a-phase clamps to the negative dc-
link with no successive switching operations. It should be noted
that the a-phase ties to the positive dc-link during the same
clamping interval, in the case where the conventional method
employs the zero state V7 . In addition, the spontaneous clamping
periods generated by the conventional method slides right to left
as the load angle increases.

Fig. 8 shows the simulation results of the three-phase load cur-
rents along with the a-phase current reference achieved from the
proposed predictive control method with the zero-sequence volt-
age. The load current obtained by the proposed control method
accurately tracks the current reference with one leg exposed to
the largest load current clamped to the dc-link by the future
voltage reference.

Performances of the predictive control methods due to its
inherent operating principle are strongly influenced by the sam-
pling period. Thus, the proposed predictive control method with
the zero-sequence voltage injection as a function of the sam-

Fig. 7. Simulated waveforms of current reference i∗a and a-phase upper
switching signal Sa of the conventional predictive control method (Tsp =
50 μs, I∗ = 0.5 A, and Vdc = 200 V) with (a) φ ≈ 0◦, (b) φ = 30◦, (c) φ =
75◦, and (d) φ ≈ 90◦.

Fig. 8. Simulated waveforms of the three-phase load currents, current ref-
erence i∗a , filtered reference voltage v∗

n a , and filtered future reference volt-
age with zero-sequence voltage injection v∗∗

n a of the proposed method (Tsp
= 50 μs, I∗ = 5 A, φ = 10◦, and Vdc = 100 V).

pling period is compared with the conventional predictive con-
trol method shown in Fig. 2 in terms of the average switching
frequency, loss, current errors, and total harmonic distortions
(THDs) of the load currents, as shown in Fig. 9. For fair com-
parison, the proposed method is compared with the conventional
method with the delay compensation [12].

The average switching frequency is defined as

fsw ,avg =
∑

i=a,b,c

fsw ,i

3
. (11)
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Fig. 9. Comparison results of the proposed and the conventional predictive
control methods as a function of the sampling periods in terms of (a) average
switching frequency, (b) semiconductor loss, (c) current error, and (d) THD
(Vdc = 200 V, I∗ = 9 A, R = 1.5 Ω, and L = 14 mH).

The switching frequency of each leg is calculated by mea-
suring the number of switching operations of the switches for
15 output periods. Because both the conventional and the pro-
posed methods have the clamping periods as shown in Figs. 6
and 7, the proposed method with the zero-sequence voltage
shows slightly lower average switching frequency than the con-
ventional method, as shown in Fig. 9(a). The semiconductor
losses obtained from the two methods are shown in Fig. 9(b).
The VSI semiconductor losses, including the conduction and
switching losses, are simulated on the basis of the VSI loss
model [18], [19]. The conduction losses of an IGBT or a diode
in the VSI are calculated on the basis of the first-order curve fit-
ting using the on-state voltage drop and the conduction current
obtained from the simulation model [18]. The data were chosen
from the EUPEC IGBT module SK60GM123 with 1200-V and
60-A ratings. The switching losses were similarly determined
by measuring the switching energy as a function of the conduct-
ing current through the switch and then modeling the energy
using a first-order relationship. The turn-on and turn-off switch-
ing energies were also determined from the data sheet according
to the conduction currents. A constant junction temperature Tj

= 125 ◦C was used for the loss performance calculation. The
loss of the proposed method is lower than that of the conven-
tional method because of the decreased switching loss due to
the clamping operation resulting from the future zero-sequence
voltage. Fig. 9(c) shows the percentages of the current errors
obtained by the conventional and proposed predictive control
methods versus the sampling period. The percentage of the cur-
rent error is defined as the absolute difference between the ref-
erence and the load currents normalized to the respective rms

value of the load current references as

%error(ix) =

∑
x=a,b,c

1
N

∑N
k=1 |i∗x(k) − ix(k)|∑

x=a,b,c rms(i∗x(k))
× 100

(12)
where N is 20 000 per fundamental output period. The two
control methods have almost same current-tracking capability,
as shown in Fig. 9(c). Fig. 9(d) shows the THD percentages
obtained by the predictive control method as a function of the
sampling period. The THD percentage is defined as

%THD =

∑
x=a,b,c

√
i2x2 + i2x3 + · · · + i2xn∑
x=a,b,c ix1

× 100 (13)

where ix1 and ixn 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. 9(d) shows that the
proposed predictive control method exhibits a slightly higher
THD than the conventional method because of the clamping
operation.

IV. EXPERIMENTAL RESULTS

The proposed predictive control method with the future zero-
sequence voltage for switching loss reduction was tested using a
prototype setup. The setup consisted of a three-phase VSI with
an IGBT module and an RL load. The entire switching algo-
rithm with current control was implemented in a DSP board
(TMS320F28335) with sampling period Tsp = 50 μs to gener-
ate sinusoidal load currents with a 60-Hz fundamental output
frequency.

Fig. 10 shows the experimental waveforms of the filtered a-
phase voltage reference v∗

na , the a-phase current reference i∗a ,
the future zero-sequence voltage vzsv , and the filtered a-phase
modified voltage reference v∗∗

na obtained from the proposed pre-
dictive control method at different load angles. Fig. 10 shows
that the shape of the modified voltage reference v∗∗

a in the pro-
posed method is similar to that in the simulation results shown
in Fig. 6. The proposed method clearly shapes the modified volt-
age reference v∗∗

a with a clamping period to prevent switching
operation in the vicinity of the largest load currents. In addition,
the clamping period obtained by v∗∗

a automatically varied with
the load angles to reduce the switching losses.

The a-phase load current and load voltage without and with
the delay compensation, obtained by the proposed predictive
control method, are shown in Fig. 11. The ripples in the load cur-
rent are clearly reduced, and the effective switching frequency
increases when the compensation algorithm of the control delay
is applied.

Figs. 12 and 13 show the experimental results of the three-
phase load currents, along with the a-phase current reference and
the a-phase normalized future voltage references, achieved from
the proposed predictive control method with the zero-sequence
voltage. The load currents controlled by the proposed method
accurately track the current reference, whereas the future voltage
reference v∗∗

na with the zero-sequence voltage stops the switching
operation during the clamping period.
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Fig. 10. Experimental waveforms of the filtered a-phase voltage reference
v∗

n a , a-phase current reference i∗a , zero-sequence voltage vz sv , and filtered a-
phase modified voltage reference v∗∗

n a of the proposed predictive control method
at different load angles (a) φ = 6.0◦ (b) φ = 29.5◦, and (c) φ = 74.0◦ (Ts = 50
μs, I∗ = 1 A, and Vdc = 100 V).

The dynamic responses of the proposed and conventional
predictive control method for sampling time Tsp = 50 μs are
shown in Figs. 14 and 15 at a 10◦ load angle. The reference
current has a step change in the frequency command from 60
to 90 Hz, as shown in Fig. 14, whereas the magnitude of the
reference currents is subjected to a half-step change, as shown
in Fig. 15. It can be observed that the three-phase load currents
controlled by the proposed method follow the reference change
with fast dynamics under both step changes. In addition, the
switching signal of switch Sa is displayed in the transient re-
sponses. Clearly, the switching operations of Sa obtained from
the proposed method in Figs. 14(a) and 15(a) are stopped in
the vicinity of the peak of current ia regardless of the transient
responses. On the other hand, the switching operation Sa of the
conventional control method using the zero vector V0 stops in
only the areas of the negative load current ia in Figs. 14(b) and
15(b).

Fig. 11. Experimental waveforms of the a-phase load current (ia ) (2 A/div
and 2 ms/div) and the a-phase load voltage (va ) (70 V/div and 2 ms/div) from
(a) without delay compensation and (b) with delay compensation (I∗ = 2 A,
Tsp = 50 μs, Vdc = 100 V, R = 20 Ω, and L = 10 mH).

Fig. 12. Experimental waveforms of the filtered a-phase voltage reference
v∗

n a , a-phase load current (ia ), a-phase current reference (i∗a ) (2 A/div and
2 ms/div), and filtered a-phase modified voltage reference v∗∗

n a of the proposed
predictive control method (I∗ = 2 A, Tsp = 50 μs, Vdc = 100 V, R = 20 Ω,
and L = 10 mH).

Fig. 13. Experimental waveforms of the three-phase load currents (ia , ib , and
ic ) and a-phase reference current (i∗a ) (1 A/div and 4 ms/div) obtained from
the proposed predictive control method (I∗ = 2 A, Tsp = 50 μs, Vdc = 100 V,
R = 20 Ω, and L = 10 mH).
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Fig. 14. Experimental waveforms of the three-phase load currents (ia , ib ,
and ic ) and a-phase upper switching signal Sa under a frequency-step change
from 60 to 90 Hz (2 A/div and 4 ms/div) of (a) the proposed method (b) the
conventional model predictive method (I∗ = 2 A, Tsp = 50 μs, Vdc = 100 V,
R = 20 Ω, and L = 10 mH).

Fig. 15. Experimental waveforms of the three-phase load currents (ia , ib , and
ic ) and a-phase upper switching signal Sa under a magnitude-step change (2
A/div and 4 ms/div) of (a) the proposed method (b) the conventional model
predictive method (I∗ = 2 A, Tsp = 50 μs, Vdc = 100 V, R = 20 Ω, and L =
10 mH).

Fig. 16. Experimental results of the total losses from the conventional and
proposed methods versus the load angles under constant power (Vdc = 200 V,
I∗ = 9 A, R = 1.5 Ω, and L = 14 mH).

Fig. 17. Frequency spectrum of the load current (ia ) (500 Hz/div and
5 mA/div) obtained from the (a) conventional and (b) proposed predictive con-
trol methods (I∗ = 9 A, Tsp = 50 μs, Vdc = 200 V, R = 1.5 Ω, and L =
14 mH).

The experimental loss data obtained from the conventional
and the proposed predictive control methods under several sam-
pling periods are shown in Fig. 16. The input and output power
data of the VSI are measured using the power analysis applica-
tion module (DPO3PWR) in the Tektronix digital oscilloscope
(500 MHz MSO3054) to calculate the losses in the experimental
setup. Both predictive control methods are tested using the delay
compensation algorithm for fair comparison. It can be seen that
the proposed method with the zero-sequence voltage generates
a semiconductor loss lesser than that of the conventional method
for all the considered sampling periods, as shown in Fig. 16. The
frequency spectra of the load currents obtained from the con-
ventional and proposed methods are shown in Fig. 17, where
the proposed method results in slightly higher THD.
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V. CONCLUSION

This paper has proposed a predictive control method with the
injection of future zero-sequence voltage to efficiently reduce
the switching losses of three-phase VSIs. The three-phase future
voltage references modified by the future zero-sequence voltage
injection in the proposed predictive control method are gener-
ated so as to clamp one of the three legs with the largest load
current. In addition, future voltage references are realized with
the delay compensation for the inevitable control delay, leading
to reduced load current ripples. The future zero-sequence volt-
age, which is produced online with the future voltage and current
references on the basis of the sampling period, optimally adjusts
the clamping duration on each leg, depending on the load an-
gle. In addition, the proposed method develops the zero-vector
selection using the future zero-sequence voltage to minimize
the switching losses. Therefore, the proposed predictive con-
trol method can perform load current control and minimize the
switching losses of the VSIs under any load condition. The sim-
ulation and experimental results verify the effectiveness of the
proposed predictive control method.
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