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ABSTRACT In a power electronic system, a control objective is to improve efficiency and reduce thermal
stress in converters in order to increase the lifetime of devices. To achieve this, minimizing losses is crucial.
The objective of this research paper is to present a method aimed at decreasing individually switching losses
in voltage source inverters (VSI). The proposed technique uses per-phase model predictive control (MPC)
with preselected switching states to target specific phase legs and achieves corresponding loss reduction.
With the information of predicted reference voltages, the developed preselection algorithm determines the
non-switching area of the most aged leg and corresponding switching states among available voltage vectors
of VSI. The switching loss reduction in the most aged leg is achieved by selecting the optimal switching
state among preselected voltage vectors based on a pre-established optimal criterion. The thermal stress of
the most aged leg will be reduced, and therefore its lifetime will be increased, resulting in improving the
reliability and lifetime of the entire VSI. Finally, the effectiveness of the proposed per-phase MPC method
with preselection of switching state is verified by both simulation and experimental results.

INDEX TERMS Lifetime, model predictive control, per-phase, thermal reduction, preselection switching
state.

I. INTRODUCTION modules [3], [4], [5]. The power loss in a VSI generates

The two-level three-phase VSI is a popular type of power
converter used in various applications such as uninterruptible
power supply, wind turbine systems, and electric drive sys-
tems [1], [2]. While this converter topology is well-known,
reliable, and easy to control, it is also subject to various
stresses that can cause component failure and reduce its
overall lifetime. As a result, increasing the lifetime of VSIs
is a critical consideration in the design and operation of
these systems. The components most vulnerable to failure
are the dc-link capacitor and power semiconductors, with
thermal stress being a major cause of failure in power
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heat, which must be dissipated to prevent thermal stress on
the components. Failure causes are mostly related to thermal
stress [6], [7]. During high power loading, the semiconductor
devices conduct and switch at high currents, resulting in
significant power loss and heat accumulation at the chip
junction. This repetitive temperature rises, and fall causes
mechanical changes in materials inside the power module,
leading to cracks and voids that can cause separation and
failure. The temperature of the switching devices can also
increase due to conduction losses, leakage current losses,
and switching losses, which can be varied by modifying the
switching frequency or using advanced control algorithms.
To increase the lifetime of VSIs, several techniques can
be employed. One approach is to carefully select appropriate
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components for the VSI circuitry. High-quality components,
such as capacitors, resistors, and semiconductor devices,
can improve the reliability of the system. Choosing com-
ponents that are rated for higher voltage and current can
also increase the overall robustness of the system. However,
using higher-quality components can increase the cost of
the VSI. Another technique to minimize switching losses
and reduce thermal stress is to use soft-switching techniques
[8]1, [9], [10]. Soft-switching techniques can reduce the volt-
age and current stress on the semiconductor devices during
turn-on and turn-off. By reducing the stress on these compo-
nents, their lifetime can be extended. However, implementing
soft-switching techniques requires additional hardware and
control, which can increase the complexity of the system
and lower its reliability. Advanced gate drivers are another
technique that can be used to reduce switching losses and
minimize thermal stress [11], [12]. Advanced gate drivers
can control the switching speed and timing of the semi-
conductor devices, which can reduce the stress on these
components. However, similar to soft-switching techniques,
using advanced gate drivers requires additional hardware and
control, which can lower the system’s reliability. Modulation
and switching frequency variation techniques are another
strategy to minimize switching losses and reduce thermal
stress [13], [14], [15], [16]. Modulation techniques can vary
the number of commutations in the fundamental period of
the output current while switching frequency variation tech-
niques can modify the switching time interval. Both tech-
niques can reduce switching losses without adding extra
hardware or complexity to the system.

In recent years, MPC has become increasingly popular
in power electronics control due to the advancements in
microprocessors [17], [18]. This nonlinear control technique
optimizes the switching sequence of the VSI to minimize
switching losses, leading to improved overall performance
and reliability of the system. Many recent studies have shown
promising results for reducing switching losses in VSI using
the MPC technique. The authors of [19] propose a solution
for reducing power loss using MPC by incorporating a linear
low-pass filter into the objective function. This filter helps to
limit thermal stress by filtering out switching states that are
projected to have higher power loss. However, the accuracy
of the linear filter may be affected by nonlinear constraints.
The problem formulation of MPC plays a significant role
in how the filter functions and nonlinear constraints could
potentially mislead the filter. The author in [20] developed
a switching strategy based on a predictive control technique
to obtain a reduction of switching loss and balance loss in
both three-phase legs. MPC offers notable flexibility in con-
trolling multiple objectives. The conventional MPC method
can incorporates an extra term in cost function, alongside
control objectives such as output currents, voltage, and others,
to minimize the number of switching commutations [21].
However, tuning the weighting factor for each term of the
cost function can be challenging, and adding an additional
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cost function may decrease the output performance of the
converter.

In the three-phase VSIs, unequal stress during operation
or switch failure or prior replacement of switch can cause
various aging conditions and expected lifetime for each phase
leg. Moreover, power semiconductor devices are capable of
failure due to manufacturing techniques, as they have been
recognized as a possible cause. To enhance the lifetime of
the entire converter, however, the active thermal control tech-
niques in previous studies do not consider the possibility of
the converter’s phase legs being exposed to different aging
conditions. Practically, if a phase leg has a shorter remaining
useful lifetime than other phase legs, the lifetime of the entire
three-phase VSI will be defined following the lifetime of the
most aged phase leg. Therefore, the most aged phase leg’s
thermal stress should be reduced, and therefore its lifetime
will be increased with the target to improve the reliability
of the entire three-phase VSI. Recently, the author in [22]
proposed a per-phase switching frequency MPC method by
adding an additional term corresponding to phase switching
frequency control to reduce switching loss of the most aged
phase. However, as indicated earlier, the additional term in
cost function requires an appropriate weighting factor and
increases the complexity of the control scheme, whereas
the increased weighting factor of switching frequency con-
trol term might deteriorate the output performance. Another
attempt in [23] uses a hybrid offset voltage technique to inde-
pendently adjust the switching frequency of the three-phase
legs according to aging conditions. However, this technique
cannot achieve minimum switching loss due to the limited
clamping angle at 120°.

In this article, a per-phase MPC method with preselection
of switching state is proposed to particularly relieve the loss
of a specific phase leg in three-phase VSI. Based on the
predicted reference voltages of three phase legs, the pro-
posed preselection of switching state strategy instantaneously
determines the non-switching area of the most aged leg and
corresponding switching states among available voltage vec-
tors of VSI. The switching loss reduction in the most aged leg
is achieved by selecting the optimal switching state among
preselected voltage vectors based on a pre-established opti-
mal criterion. The thermal stress of the most aged leg will be
reduced, and therefore its lifetime will be increased, resulting
in improving the reliability of the entire VSI. Additionally, the
output performance of VSI is guaranteed with no degradation
from the proposed per-phase MPC method, and the proposed
technique does not need the usage of any extra sensors or
hardware modifications, which makes it easy to implement
in existing systems. The proposed per-phase MPC with pres-
election of switching state is verified through the presentation
of simulation and experiment results in three-phase VSI.

The structure of this article is divided into several sections.
In Section II, the traditional MPC method for the
two-level three-phase VSI is explained. Section III out-
lines the novel per-phase MPC approach, which includes
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preselection of the switching state for minimizing switching
losses. In Section IV, the results of simulations and experi-
ments are presented, and a comparison of the output perfor-
mance is made. Finally, the article concludes in Section V.

Il. CONVENTIONAL MODEL PREDICTIVE CONTROL
METHODS FOR VSIs

Fig. 1 illustrates the standard diagram of a two-level three-
phase VSI circuit. The VSI system consists of a dc power
source, a two-level three-phase VSI, and an R — L load.
The output current of each phase is denoted as iy (x =
a, b, ¢) while the voltage of the converter is represented by
vx(x = a, b, ¢). The upper and lower switching states of each
converter leg are referred to as Sy; and Syo(x = a, b, ¢),
respectively.

i
L=

SUZ Sb'z_ SC'Z_
Nt . Jz‘}

FIGURE 1. Two-level three-phase VSI with RL load circuit diagram.

By using Kirchhoff’s law on the VSI circuit, we can derive
equations from describing the dynamics of the load current.

i
v, = Riyy +L% (x =a,b,c) (1

Predictive current control relies on a predictive model
as a fundamental component, which predicts future system
outputs based on past information. In order to implement the
predictive control technique, the forward Euler algorithm is
used on equation (1), resulting in a discrete-time expression
as follows.

122 lo. V X a,b, c

where T, is the sampling time. Equation (2) says the current
attime instantk+ 1, i, (k + 1) (x = a, b, ¢), is determined by
the converter voltage and current at time instant k£, denoted by
vy (k) and iy (k) (x = a, b, c), respectively. It is a known fact
that the converter voltage v, (k) can take on any of the eight
possible voltage vectors shown in Fig. 2 due to the converter
generating a total of eight switching states. Therefore, the
current attime k+1, iy (k + 1) (x = a, b, ¢), can be predicted
to take on any of the eight current vectors calculated using
equation (2). To assess the accuracy of these predictions,
a cost function is required and defined as follows:

gi=|tk+D—i (k+1D|x=ab,c) ©)
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FIGURE 2. Voltage vectors of two-level three-phase VSI.

where i} (k + 1) is the reference current for time instant k4 1.
To implement MPC, the aim is to identify the switching
state that results in the lowest cost function, as defined in
equation (3), and then apply it to the converter.

In conventional MPC, the approach is to choose a voltage
vector that will result in the predicted current i, (k + 1) being
as close as possible to its reference value i} (k + 1). Based
on the predicted current values in equation (2), the optimal
voltage vector vi(k) can be determined using the following
method: substituting i} (k 4 1) for iy(k + 1) in equation (2)
and rearranging the equation as follows

vE (k) = i {Lis, (k+ 1)+ (RTg — L) iox (1)} (4)
sp

Equation (4) states that the current i, (k + 1) will be equal to
its reference value i} (k + 1) if the converter voltage at time
instant k can be set to v}. Fig. 2 lists the valid voltage vectors
and their corresponding switching states. Therefore, in order
to implement current predictive control, the task is to select
one voltage vector from the eight possibilities that meet the
requirements set by the given cost function below:

g = |vi k) — vy (b ®)

This involves identifying the switching state that should be
used for the power converter at time instant k by selecting
the voltage vector that is closest to the “required voltage
vector” vi(k). Fig. 3 provides a control diagram for
voltage-based MPC.

i(k)
l Sa R L

Voltage | v'(k) | Minimize |g,
predictive cost —> J

model function |,

fi'cer 1) s /vy VSI

FIGURE 3. Control diagram of MPC using predicted reference voltage.
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llIl. PROPOSED PER-PHASE MPC WITH PRESELECTION
OF SWITCHING STATE

According to the analysis mentioned earlier, the phase legs of
the power converter may have varying degrees of wear and
tear due to factors such as manufacturing processes, uneven
thermal stress distribution, and earlier replacements. This
results in differences in the remaining useful lifetime among
the different phase legs. Since the converter will cease to
operate if one of the phase legs fails, prolonging the lifetime
of the most aged leg is crucial.

In this study, the voltage-based MPC, named per-phase
MPC with preselection of switching state, is used to select
the best voltage vectors for a switching strategy that aims
to minimize switching losses of the most aged leg. This
strategy involves clamping the most aged leg of the VSI to
either the positive or negative dc-link to make non-switching
area. The per-phase MPC with preselection of switching
state, proposed in this study, directly generates a reference
voltage vector for each sampling period, which unlike the
conventional MPC that only obtains load current vectors,
allows for the optimization of switching patterns to minimize
switching losses in the most aged leg. First, the three-phase
predicted reference voltages achieved by the inverse dynamic
model in (4), i.e., v} (k), vj (k), and v} (k), are made into a
normalized form by dividing them by their peak value. The
peak value for the normalization is acquired by

2
Vieak (k) = / (vz )+ (v ) (©)

where v, (k) and vz (k) are the o and 8 components of the abc
voltage vector vi (k) (x = a, b, c) achieved by the abc-to-af8
transformation. Phase a leg is regarded as being the most aged
leg in this study. By considering the instantaneous magnitude
of the relevant phase leg, the possible non-switching area and
switching area can be chosen. The three predicted reference
voltages acquired by (4) after normalization are arranged
based on their magnitudes and are designated as

Viae (k) = max[vy, (k) , vy, (k) , vy (k)]
v;km»d (k) = mid[v;a k), V:h k), vZC (k)] 7)
Vi () = min[v}, (k) , v, (k) , vy, (k)]

Assuming that phase a is the most aged leg. It can be
determined that the available non-switching area corresponds
to the interval that v}, (k) is vy, (k) or v¥. (k), where the
switching state does not change during that interval. Mean-
while, the remaining phase legs should not be clamped to
ensure that VSI operates within the linear modulation range at
the available switching area, which equals the medium volt-
age vy, (k). This occurs because when a prohibited phase is
clamped, it results in the overmodulation of at least one other
phase, thereby causing a loss in the current controllability of
the VSI [24]. Because three-phase voltages have 120° phase
difference between them and the sum of the voltages at any
time is zero. The available non-switching area of the most
aged leg can be reached to 120° in both positive and negative
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clamping areas, as shown in Table 1. It means that the upper
switch or lower switch of the most aged leg will not change
its state during 120° period of time. This results in a reduction
of switching frequency and corresponding switching loss.

TABLE 1. Available non-switching angle corresponding to phase a.

gnsw gsw
Umax (k) = via (k) 120° X
Vmig (k) = vy (k) X 120°
v () = v3, (k) 120° X

After determining the available switching area of the most
aged leg, based on the sign of the corresponding reference
voltage, either the upper or lower switching in the most
aged phase leg is turned on. Clamping one phase between
two non-prohibitive phases forms a subset among the eight
voltage vectors of the VSI, with one subset consisting of four
viable voltage vectors. Assuming phase a is the most aged leg,
Fig. 4 illustrates the four available voltage vectors with one
switch of the VSI being clamped. By selecting the optimal
switching states among four preselected voltage vectors at
non-switching area, the state of desired switch in the most
aged leg will not change. It can be seen in Fig. 4(a); for
example, the optimal switching state will be selected among
four preselected voltage vectors V1(100), V,(110), V(101),

V5(010) |

V(011 V,(100)
4(011) 1100

V5(001)

Vy(110)

V4(011),

< g

a

V(101)

(b)

FIGURE 4. Four possible voltage vectors corresponding to upper and
lower switches in phase a (a) Clamp upper switch, (b) Clamp lower switch.
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and V7(111). This selection will keep turning ON the upper
switch of phase a, which leads to an unchanged switching
state and reduction of switching number. Hence, the optimal
criterion defined by the cost function in (5) is employed to
select one out of the four preselected voltage vectors. Table 2
shows all the preselected voltage vectors to make clamping
area for particular phase leg.

TABLE 2. Preselected voltage vectors for clamping switch in different
phase legs.

Phase Clamping switch Preselected vectors

a-phase Upper switch x;g(l)(l);, V(110), Ve(101), and
Loverswien Y00 V010 V@I, nd

b-phase Upper switch xig i (1);’ V3(010), V4(011), and
Loverswich 4000, V{(T00) V400D

ot Upperswicn 401D V00D, V10D nd
Lower switch xgzg?gi V1(100), V2(110), and

Fig. 5 illustrates the flowchart determining the clamping
area and corresponding preselection of the switching state in
the proposed per-phase MPC method. When the predicted
reference voltage of the most aged leg is determined as

Vinae (k) or v (k), the corresponding upper switch or lower
switch will be clamped by using the preselection of switching
state in Fig. 4 and Table 2. Thanks to this clamping area, the
upper switch or lower switch will be kept turned on, resulting
in the reduction of switching loss in the most aged leg. Mean-
while, when the predicted reference voltage of the most aged
leg is determined as v . (k), the eight available switching
states, as in conventlonal MPC, are used to implement the
control strategy. The maximum available clamping angle for
upper or lower switch is 120°. This can be achieved by using
the predefined condition in Fig. 5. Following the flowchart

Read the predicted reference voltage
Vil 1), v k), v (k1)

|

Determine maximum predicted reference
voltage v*,,m(kJrl) and minimum
predicted reference voltage v ,,(k+1)

Yes | Clamp upper switch of phase x v'(k+1)
Preselect corresponding switching state

No
Yes | Clamp lower switch of phase x v'y(k+1)
Preselect corresponding switching state

No

Use all available switching states

FIGURE 5. Flowchart of determining clamping area and corresponding
preselection of switching state in proposed per-phase MPC method with
maximum clamping angle.
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in Fig. 5, the generated clamping angle will be 120° for the
upper and lower switches. The total clamping angle in one
phase leg can be achieved up to 240° by using the proposed
per-phase MPC method. Fig. 6 shows the switching pattern
acquired by proposed per-phase MPC with preselection of
switching state with maximum clamping angle when phase a
is assumed as the most aged phase leg. As can be seen in
Fig. 6, when the predicted reference voltage of phase a is
determined as v}, (k) or v} . (k), the corresponding upper
switch or lower sw1tch of phase a will be clamped by using
the preselected switching states.

D Non-switching region

\:’ Switching region

Reference voltages
‘ na
50 e \
0 / <
-50
0 clamgmg angle | 120 clamgmg angle
- v S
* Use all available *
Preselected voltage vectors Preselected
voltage vectors: voltage vectors:
V1(100), V(110), V3(010), V4(011),
V(101), V,(111). V5(001), V(000).
S switching signal
0 —[{ ﬂnﬂﬂm 11
81 switching signal

!

R

S, switching signal

jiEl |

0 T 2

FIGURE 6. Switching pattern acquired by proposed per-phase MPC with
preselection of switching state with maximum clamping angle.

The width of clamping area can be varied by adjusting the
clamping angle 6, . To change the value of clamping angle
of upper clamping area, an upper limit L,, will be added
to predefined condition, whereas a lower limit L;,, will be
added to predefined condition to define lower clamping area.
The upper and lower limits can be expressed as follows

Lup = Vpeak % 08 (On,, /2) ®)

Liow = —Vpeak X €08 (0n,,, /2) )

The clamping angle 6, , ranges from 0° to 120°. Fig. 7
illustrates the flowchart determining the clamping area and
corresponding preselection of the switching state in the
proposed per-phase MPC method with adjustable clamping
angle.

To account for the delay that naturally occurs within the
controller, the inverse model in equation (4) is adjusted by
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Read the predicted reference voltage
V1), v it 1), v (et 1)

|

Calculate the peak voltage Veu

g Yes |Clamp upper switch of phase x v',(k+1)
+1) > c .
VAR 2 Vpear*€08(Onen) Preselect corresponding switching state

Clamp lower switch of phase x v",(k+1)
Preselect corresponding switching state

’ Use all available switching states ‘

FIGURE 7. Flowchart of determining clamping area and corresponding
preselection of switching state in proposed per-phase MPC method with
adjustable clamping angle.

advancing it by one step. As a result, the predicted reference
voltage at the (k + 1) th moment can be derived.

vE(k+1) = TL {Lit (k +2) + (RTy, — L) ix (k + 1}
sp
(10)

To obtain the one-step predicted output current iy (k + 1)
(x = a, b, c) needed for (7), the measured output current
ix(k) and the present VSI voltage application v, (k), as shown
in (4), are used. Additionally, the Lagrange extrapolation
technique can be employed to determine the predicted ref-
erence currents, i} (k + 1) and i§ (k +2) (x = a, b, ¢), based
on the present and the two past reference values. This can be
described as follows:

P41 =30k -3 k-1 +itk—2) (11
B+ =30+ 1) =30+ k-1 (12)

Finally, the following cost function, which evaluates the
modified predicted reference voltage with the predicted
zero-sequence voltage injection, is described as follows

=P k+D—vk+D|x=abc) (13)

i(k)
l Sa) R L
Voltage ) Minimize | g,
predictive 1 cost —> J
model function |§,
—»
Ti*(k+1) 4/8f v(k) VSI

Preselection of
switching state
algorithm

FIGURE 8. Block diagram of the proposed per-phase MPC method with
preselection of switching state.
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Output currents (A)

120
100 6,::=90°
80

60

04 0.42 044 0.46 0.48 05 0.52 054
Time (5)

FIGURE 9. Simulation results of output currents and switching patterns
waveforms acquired by proposed per-phase MPC with different clamping
angle.

By comparing the block diagram in Fig. 8 with the con-
ventional method shown in Fig. 3, it becomes evident that
the proposed per-phase MPC technique with preselection
of switching state can be implemented without requiring
any additional components. Furthermore, additional informa-
tion regarding the load power factor is unnecessary as the
algorithm relies on sampled values of the reference voltage to
identify the suitable switch to control during each sampling
period. By employing the proposed per-phase MPC with
preselection of switching state, the most aged phase leg in
VSI can be operated with minimum switching loss, regardless
of the operating conditions being steady-state or transient.

IV. VERIFICATION RESULTS

A. SIMULATION AND EXPERIMENT RESULTS

To validate the proposed per-phase MPC with preselection of
switching state approach, the PSIM simulation tool is used to
implement the two-level three-phase VSI depicted in Fig. 1.
The specifications for the two-level three-phase VSI can be
found in Table 3.

TABLE 3. Parameter of two-level three-phase VSI system.

Parameters Value
DC-link voltage V. (V) 200
DC-link capacitance (uF) 680
Load resistance R (Q) 10
Load inductance Ly (mH) 10
Load angle (degree) 20
Sampling frequency (kHz) 20
Fundamental frequency (Hz) 60
Reference current (A) 5
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Output currents (A)

814 switching signal

1110 (AR
(1
(1
(1
11 M

81, switching signal

T 0T
| {0
| {0y
N
[ R

0 -

S switching signal

0.3 0.31

@

Output currents (A)

Sy switching signal

(b)

FIGURE 10. Simulation results of output currents and switching patterns waveforms at steady-state acquired by (a) conventional MPC, (b) proposed

per-phase MPC.

In this simulation section, phase a is assumed to be the most
aged leg. The proposed per-phase MPC will be applied to
reduce the switching frequency of phase a, which lowers the
corresponding switching loss and increase lifetime of VSI.
Fig. 9 shows the phase output currents, reference voltages,
and phase a switching patterns waveforms with the change
of clamping angle acquired by the proposed per-phase MPC
method. The clamping angle is set at three different values
including 60°, 90°, and 120°. It can be observed that the
proposed per-phase MPC technique generates sinusoidal cur-
rents, which are accurate with regard to phase and magnitude.
The clamping areas following are generated precisely follow-
ing the change clamping angles, where the change of width of
clamping areas is noticeable. This result verifies the correct
operation of the proposed per-phase MPC method at different
clamping angles.

Fig. 10 depicts the waveforms of the output currents and
corresponding switching patterns acquired by the conven-
tional MPC and the proposed per-phase MPC methods at
steady-state. The proposed per-phase method with the maxi-
mum clamping angle of 120° is implemented. In Fig. 10(a),

88692

the output currents acquired from conventional MPC are
sinusoidal and correct in magnitude and phase. It can be
seen that, for example, the phase a output current tracks
correctly the corresponding reference current. Regarding the
proposed per-phase MPC method in Fig. 10(b), phase a is
considered the most aged leg. Therefore, the switching loss
of phase a should be decreased to extend the lifetime of
VSI. To implement the proposed per-phase MPC method,
when the predicted reference voltage of the most aged leg,
phase a, is determined as vy, (k) or v} (k), the correspond-
ing upper switch or lower switch will be clamped by using
the preselection of switching state in Fig. 5. As shown in
Fig. 10(b), the switching pattern of the upper switch in phase
a contains 120° non-switching area as expected. It means
that the upper switch of phase a does not change the state
for 120° period of time. It is similar in the lower switch.
Hence, the switching frequency and corresponding switching
loss of phase a is lowered. Additionally, the output currents
acquired by the proposed per-phase MPC approach are sinu-
soidal and correct in magnitude and phase as the conventional
MPC scheme. It verifies that the proposed per-phase MPC

VOLUME 11, 2023
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Output currents (A)

Sy, switching signal

i1 T
TR
(AN [N

i |
AR
(L
1 |

Sy, switching signal

@

(b) proposed per-phase MPC.

approach works correctly and does not deteriorate the output
performance.

The dynamic responses for the conventional MPC method
and proposed per-phase MPC methods are shown in
Fig. 11(a) and (b), respectively. The amplitude of the refer-
ence currents is changed from 3 A to 5 A at time t = 0.5s.
It can be observed that the output currents of the proposed
per-phase MPC method have a similar dynamic response as in
the conventional MPC. The output current of phase a acquired
by the proposed per-phase MPC method correctly follows
the corresponding reference current with a fast dynamic
response. Additionally, thanks to the proposed per-phase
MPC method, the switching pattern of the upper switch in
phase a contains 120° non-switching area as expected.

The conventional MPC and proposed per-phase MPC
method are implemented by configuring a prototype setup.
The platform of the two-level three-phase VSI (with the
circuit topology shown in Fig. 1) is shown in Fig. 12, and
the system parameters are similar to those in the simulation
section, as shown in Table 3. The conventional MPC and
proposed MPC method are executed using a TT digital signal
processor (DSP) TMS320F28335 for VSI.

Fig. 13 and 14 present the experiment waveforms of output
currents and corresponding switching patterns acquired at
steady-state acquired by the conventional MPC and proposed
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Output currents (A)

(b)

FIGURE 11. Simulation results of output currents and switching patterns waveforms at transient-state acquired by (a) conventional MPC,

3-phase RL load

FIGURE 12. Overall experimental setup including two-level three-phase
inverter, DC power source, load and control board.

per-phase MPC approaches. In Fig. 13(a), the output currents
acquired from conventional MPC are sinusoidal and correct
in magnitude and phase. The experimental waveforms of
output current and switching patterns acquired by the con-
ventional MPC method are similar to the simulation results.
Regarding the proposed per-phase MPC method in Fig. 13(b),
phase a is considered the most aged leg. Therefore, the
switching loss of phase a should be decreased to extend
the lifetime of VSI. To implement the proposed per-phase
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FIGURE 13. Experimental results of output currents and phase a
switching patterns waveforms at steady-state acquired by
(a) conventional MPC, (b) proposed per-phase MPC.

MPC method, when the predicted reference voltage of the
most aged leg, phase a, is determined as v}, , (k) or vy . (k),
the corresponding upper switch or lower switch will be
clamped by using the preselection of switching state in
Fig. 5. As shown in Fig. 13(b), the switching pattern of the
upper switch in phase a contains 120° non-switching area
as expected. As observed from Fig. 14(b), the experimen-
tal waveforms of three-phase switching patterns acquired
by the proposed per-phase MPC method are similar to the
simulation results in Fig. 10(b). Additionally, the output
currents acquired by the proposed per-phase MPC method are
sinusoidal and correct in magnitude and phase as the conven-
tional MPC method and simulation results. The experimental
results at steady-state verify that the proposed per-phase MPC
method works correctly.

The experimental waveforms of dynamic responses for
the conventional MPC method and proposed per-phase MPC
methods are shown in Fig. 15(a) and (b), respectively. The
amplitude of the reference currents is changed from 3 A
to 5 A. It can be observed that the output currents of the
proposed per-phase MPC method have a similar dynamic
response as in the conventional MPC. The output current of
phase a acquired by the proposed per-phase MPC method
correctly follows the corresponding reference current with
a fast dynamic response. Additionally, thanks to the pro-
posed per-phase MPC method, the switching pattern of the
upper switch in phase a contains 120° non-switching area
as expected. The experimental results at the transient state
verify that the proposed per-phase MPC method does not
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FIGURE 14. Experimental results of phase a output current and switching
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FIGURE 15. Experimental results of output currents and phase a
switching patterns waveforms at transient-state acquired by
(a) conventional MPC, (b) proposed per-phase MPC.

degrade the dynamic performance of VSI, whereas gener-
ating a non-clamping area for the most aged leg correctly
(assuming phase a is the most aged leg).
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FIGURE 16. Comparison of (a) output currents THD, (b) phase switching frequency, (c) phase a power loss, and (d) total
loss of VSI acquired by the conventional MPC and proposed per-phase MPC methods (V4. = 200V, Tsp = 50us, load

angle ¢ =20°, I =5A).

B. PERFORMANCE COMPARISON

In order to evaluate the superiority of the proposed per-phase
MPC method in terms of output performance, switching
frequency reduction capability, and switching loss reduction
capability, the calculated values from simulation results are
presented.

Fig. 16(a) shows the comparison of output phase cur-
rent total harmonic distortion (THD) values between the
conventional MPC and proposed per-phase MPC methods.
Phase a is assumed that be the most aged leg, which requires
switching loss reduction. It can be seen that the phase out-
put current THD values change slightly when applying the
proposed per-phase MPC method. Meanwhile, the average
values of phase output current THD acquired by the two
control schemes are similar at about 3.8%. Hence, this result
can confirm that the proposed per-phase MPC method does
not deteriorate the output performance of VSI. Regarding
the comparison of output phase switching frequency in
Fig. 16(b), it can be seen that the switching frequency of
phase a acquired by the proposed per-phase MPC method
is decreased by about 80% compared to that of the conven-
tional MPC method. Thanks to the 120° non-switching areas,
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generated using preselection of switching state algorithm,
the switching frequency of the most aged leg can be
reduced significantly. Although the switching frequencies of
phases b and ¢ acquired by the proposed per-phase MPC
method increase by about 30% compared to that of the con-
ventional MPC method, the average value of output switching
frequency from the proposed per-phase method is lowered
than that of conventional MPC method. In Fig. 16(c), the
conduction loss and switching loss of phase a acquired by
two control schemes are compared. It can be realized that due
to the reduction of switching frequency in phase a acquired
by the proposed per-phase MPC method, the corresponding
switching loss is lowered by about 90% compared to that of
the conventional MPC method. The conduction loss of phase
a acquired by the proposed per-phase MPC method slightly
increases compared to the conventional MPC method. Thus,
the phase a power loss acquired by the proposed per-phase
method is lowered by about 60% from the conventional MPC
method. This helps reduce the thermal stress on phase a
leg and extends the corresponding lifetime of both phase
leg a and the entire VSI. Fig. 16(d) shows the conduction
loss, switching loss, and total loss of VSI acquired by two
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FIGURE 17. Characteristic of output performance acquired by proposed per-phase MPC with preselection of switching
state method compared to conventional MPC versus the change of sampling frequency in terms of (a) Output current
THD, (b) Phase switching frequency, (c) Phase switching loss, (d) Total loss (V4. = 200V, load angle 6 = 20° and

I* = 5A).

control schemes. Due to the increase of switching frequency
in phase b and c in the proposed per-phase MPC method,
the total switching loss of VSI acquired by the two control
schemes is similar. The total loss acquired by the two control
schemes is almost the same.

To provide a clearer understanding of the performance of
the proposed per-phase MPC with preselection of switching
state method, a comprehensive comparison is carried out
where phase a is assumed to be the most aged phase leg.
The percentage of variation in terms of various aspects,
such as output current THD, phase switching frequency,
phase switching loss, and total loss acquired by the proposed
per-phase MPC technique compared to conventional MPC is
described as

XProposed per—phase MPC — XConventional MPC

Ychange of x =
XConventional MPC

x 100% (14)

where x can be various aspects of current THD, switch-
ing frequency, switching loss, and total loss. Additionally,
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XProposed per—phase MPC and Xconventional MPC Tepresent the
performance aspects yielded by proposed per-phase MPC and
conventional MPC methods, respectively. The negative value
of %change of x indicates the reduction of the corresponding
performance aspect acquired by the proposed per-phase MPC
with preselection of switching state technique compared to
conventional MPC, whereas the positive value indicates the
increase.

Fig. 17(a) depicts the %change of current THD acquired
by the proposed per-phase MPC compared to conventional
MPC methods under the change of sampling frequency.
Due to the objective of minimizing switching frequency of
phase a, the per-phase MPC with preselection of switching
state exhibits a relatively higher THD in the output current of
phase a compared to conventional MPC. Additionally, when
the sampling frequency is smaller than 50 kHz, the increase
of average THD acquired by the proposed per-phase MPC
is insignificant. Regarding the phase switching frequency,
Fig. 17(b) indicates that the proposed per-phase MPC suc-
cessfully lowers the switching frequency of the most aged
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FIGURE 18. Characteristic of output performance acquired by proposed per-phase MPC with preselection of switching
state method compared to conventional MPC versus the change of output power in terms of (a) Output current THD,
(b) Phase switching frequency, (c) Phase switching loss, (d) Total loss (V4. = 720V, load angle 6 = 20° and

fsp = 20kHz).

phase leg a, where the reduction of switching frequency
in phase a is reached about 79%. Although the switching
frequency of phase b increases by around 30%, and that of
phase ¢ increases by approximately 20%, it does not exert a
negative impact on the two-level three-phase VSI when the
most aged leg still can be prolonged its lifetime and delay its
failure until the next maintenance. Additionally, the increase
of switching frequency in the two remaining phase legs will
lead to the balance of aging conditions between the three
phase legs. Thanks to the reduction of switching frequency
in the most aged phase leg a, the proposed per-phase MPC
method can reduce corresponding switching loss of phase a
up to 84% compared to conventional MPC, as shown in
Fig. 17(c). Due to the difference in conduction loss between
the two approaches is negligible. Thus, the total conduction
loss, total switching loss, and total loss of the proposed MPC
with preselection of switching state are comparable to those
of the conventional MPC across various sampling frequency
conditions, as shown in Fig. 17(d).
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Fig. 18(a) illustrates the %change of current THD acquired
by the proposed per-phase MPC compared to conventional
MPC methods under the change of output power. At low
output power, the proposed per-phase MPC with preselection
of switching state even lowers the output current THD com-
pared to the conventional MPC. When the output power is
higher than 5 kW, the per-phase MPC with preselection of
switching state exhibits a slightly higher average THD com-
pared to conventional MPC. Regarding the phase switching
frequency, Fig. 18(b) indicates that the proposed per-phase
MPC successfully lowers the switching frequency of the
most aged phase leg a, where the reduction of switching
frequency in phase a is reached about 80%. Meanwhile, the
switching frequency of the remaining phase legs acquired by
the proposed per-phase MPC with preselection of switching
state has increments ranging from 20% to 30% compared to
conventional MPC scheme. In terms of the average switching
frequency, the proposed per-phase MPC with preselection of
switching has a lower average switching frequency compared
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FIGURE 19. Characteristic of output performance acquired by proposed per-phase MPC with preselection of
switching state method compared to conventional MPC versus the change of load condition in terms of (a) Output
current THD, (b) Phase switching frequency, (c) Phase switching loss, (d) Total loss (V4. = 720V, load angle ¢ = 20°

and fsp = 20kHz).

to conventional MPC under different output power condi-
tions. Thanks to the reduction of switching frequency in the
most aged phase leg a, the proposed per-phase MPC method
can reduce corresponding switching loss of phase a up to
90% compared to conventional MPC at low output power
and about 80% at other output power conditions, as shown in
Fig. 18(c). The total conduction loss, total switching loss, and
total loss of the proposed MPC with preselection of switching
state are comparable to those of the conventional MPC across
various output power conditions, as shown in Fig. 18(d).

In terms of load conditions change, it is generated by
increasing the load inductance to modify the load phase
angle. Fig. 19(a) shows the %change of output current THD
acquired by the proposed per-phase MPC method under dif-
ferent load conditions. It can be seen that when the load phase
angle is less than or equal to 50°, the proposed per-phase
MPC method exhibits a similar average THD to conven-
tional MPC where the %change of output current THD is
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negligible. Meanwhile, even at a greater load phase angle
of 75°, the increase of output current THD acquired by the
proposed MPC technique is relatively small. As for switching
frequency performance, Fig. 19(b) indicates that the proposed
per-phase MPC successfully lowers the switching frequency
of the most aged phase leg a, where the reduction of switching
frequency in phase a is reached to about 84% at a small
load phase angle. The reduction in switching frequency of
phase a decreases to roughly 80% as the load phase angle
rises. In terms of average switching frequency, the proposed
per-phase MPC with preselection of switching state exhibits
a slightly lower average switching frequency compared to the
conventional MPC across different load phase angles. When
considering the %change of switching loss in Fig. 19(c), the
per-phase MPC approach with preselection of switching state
significantly reduces the switching loss of phase a. Specifi-
cally, it achieves a reduction of approximately 90% at small
load phase angles compared to the conventional MPC and
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FIGURE 20. Comparison results acquired by proposed per-phase MPC with preselection of switching state
methods versus parameter error in the load inductance (a) output current THD, (b) switching frequency,

(c) phase a switching loss, (d) %error of load currents.

about 80% at large load phase angles. The proposed per-phase
MPC with preselection of switching state method results in
an increase of switching loss for phase b and ¢ compared to
the conventional MPC, ranging from 10% to 40%, depending
on the load condition. As can be seen in Fig. 19(d), the
total switching loss and total loss acquired by the proposed
per-phase MPC with preselection of switching state are lower
than that of conventional MPC when the phase angle is
greater than 20°.

Fig. 20 illustrates the performance comparison of vari-
ous parameters, including output current THD, switching
frequency, power loss, and %error of output current with
respect to model load inductance error. As can be seen in
Fig. 20(a), the phase a and average output current THD
slightly change with 50% smaller and 75% larger load induc-
tance error. Notably, when the parameter of load inductance
is 75% smaller than the actual inductance, the output current
THD experiences a significant increase. Fig. 20(b) and (c)
depict that the capability of switching frequency reduction of
proposed MPC method is lowered when the parameter of load
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inductance is larger than the actual one. The %error of output
current slightly changes with 50% smaller and 75% larger
load inductance error. When the parameter of load inductance
is 75% smaller than the real inductance, the %error of output
current rise significantly, reaching approximately 2.6 times
compared to normal condition.

Fig. 21 illustrates the performance comparison of various
parameters, including output current THD, switching fre-
quency, power loss, and %error of output current with respect
to model load resistance error. As can be seen in Fig. 21(a),
the phase a and average output current THD slightly change
with 25% smaller and 75% larger load resistance error. When
the parameter of load resistance is 75% smaller than the real
resistance, the output current THD significantly increases.
Fig. 21(b) shows that the capability of switching frequency
reduction of proposed MPC method is well maintained under
model load resistance error. The %error of output current
slightly changes with 50% smaller and 75% larger load resis-
tance error. When the parameter of load resistance is 75%
smaller than the real resistance, the %error of output current
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FIGURE 21. Comparison results acquired by proposed per-phase MPC with preselection of switching state
methods versus parameter error in the load resistance (a) output current THD, (b) switching frequency, (c) phase

a switching loss, (d) %error of load currents.

increases significantly by about 2.4 times compared to normal
condition.

As it was revealed that thermal stress is the most critical
failure cause of the power semiconductor devices, which
decreases the lifetime of switching devices and entire con-
verter. To investigate the effectiveness of the proposed
per-phase MPC method on the lifetime of the power semicon-
ductor devices, the flowchart for lifetime estimation shown
in Fig. 22 is conducted. As shown in Fig. 22, a predefined
mission profile is applied on the VSI, where the output power
of converter is periodically changed between 14kW to 5.5kW.
The loss on power semiconductor devices can be calculated
using the thermal module in PSIM simulation program and
the corresponding thermal characteristics of the device.

The thermal model (i.e., the network of thermal resistance
and capacitance) can transfer the acquired power loss to
the junction temperature of power semiconductor devices.
In this case, a Foster-type thermal network [25] is conducted,
as presented in Fig. 23. The n— thermal resistance is denoted
by Rin,n, whereas n—thermal time constant is denoted by t,.
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FIGURE 22. Flowchart for lifetime estimation of power semiconductor
devices caused by predefined mission profile.
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FIGURE 23. n-layers Foster-type network.

Generally, the Foster-type thermal network with n = 3 or
4 is usually used. 7 and T4 are the junction temperature
and case temperature, respectively. It is assumed that T4,
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has value of 50°C. The corresponding parameters of three
layers Foster thermal network are adopted from the datasheet
of switching device [26].

Fig. 24 displays the calculated junction temperature and
three-phase output currents as they vary with changes in
output power within the mission profile. The simulation
is run using both the conventional MPC method and the
proposed per-phase MPC scheme following the predefined
mission profile. As depicted in Fig. 24(a), the conventional
MPC method yields a temperature variation A7; amplitude of
35°C. In the second simulation, the proposed per-phase MPC
method is used, assuming that phase a is the most aged leg.
With the same boundary conditions, the proposed per-phase
MPC with preselection of switching state method lowers
the temperature variation in phase a to 25°C at, as depicted
in Fig. 24(b).

Phase a junction temperature (°C)

100

80
ATj=35°C
60

Output power (kW)

15

5 ]
0 2 4 6 8
Time (s)
(a)

Phase a junction temperature (°C)

100

80
ATj=25°C
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Output power (kW)
15 i
10 | i
5 — B —
0 2 4 6 8
Time (s)
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FIGURE 24. Junction temperature of transistor in phase a and output
currents acquired by (a) conventional MPC, (b) proposed per-phase
MPC method.

Analytical models that are commonly used to describe the
correlation between the parameters of temperature cycles and
the number of cycles to failure Ny will be used in order
to determine the lifetime of power semiconductor devices.
The Coffin-Manson model from [27] is conducted in this
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investigation. The Coffin-Manson model with corresponding
parameters acquired by [28] and [29] is applied in this paper
for a rough approximation, shown in (15)

Ny = 1017025 Tn=aT/2) "% 5 g 5 5 104 x AT
(15)

By applying Coffin-Manson model shown in (15), it can
determine the number of cycles that the power semiconduc-
tor devices can endure before failing following the estab-
lished mission profile. The estimated lifetime is presented
in Table 4. The investigation found that implementing the
proposed per-phase MPC method to decrease temperature
variation results in an approximately 9 times increase in
the estimated lifetime. Therefore, it can be concluded that
the per-phase MPC method is effective in reducing thermal
variation and increasing the lifetime of VSIL.

TABLE 4. Calculated junction temperature and estimated lifetime.

Est.
Djigh— Tytow Tim A Lifetime
Conventional ~ 93.5°C 58.5°C 76°C 35°C 3.1 yrs
MPC
Proposed 81.3°C 56.3°C 68.8°C 25°C 27.7 yrs
MCP

From the simulation waveforms, experimental waveforms,
and output performance comparison, the proposed per-phase
MPC technique can successfully decrease the switching loss
of the most aged leg of VSI, whereas the output performance
is guaranteed as in the conventional MPC method. It can be
realized by the significant reduction of loss and similar THD
of the load currents for all the operating areas.

V. CONCLUSION

In conclusion, this paper has presented a new effective
approach to significantly reduce switching losses of particu-
lar phase leg in VSIs using per-phase MPC with preselection
of switching state. The proposed method is based on select-
ing the most appropriate switching state from preselected
switching states, which results in a significant reduction in
switching losses compared to conventional MPC methods.
Additionally, the proposed method does not require any addi-
tional sensors or hardware modifications, which makes it easy
to implement in existing systems. The efficiency of the pro-
posed technique has been validated through both simulation
and experimental results, which show that it is capable of
reducing switching losses in a particular phase leg by up
to 90%. Due to its non-disruptive characteristics and ability
to integrate seamlessly into current systems, the suggested
approach exhibits immense promise in enhancing the energy
efficiency and performance of VSIs. As a result, it has the
potential to bring advantages to a wide range of industries
and applications.
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