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for 100 kHz Large-Signal Parallel Inverters
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Abstract—In sound navigation and ranging, the parallel in-
verters are required to drive electroacoustic transducers to emit
100 kHz acoustic waves. Optimized pulse patterns (OPPs) can
achieve the wide bandwidth of the parallel inverters with high
switching frequency utilization. However, the junction tempera-
tures of parallel inverters by using OPPs are imbalanced at a low
carrier ratio. The inductance mismatches exacerbate the reliability
issue. Therefore, this article proposes a thermal balance oriented
model predictive control (TBOMPC) for 100 kHz Large-Signal
Parallel Inverters with OPPs. First, the principle and the reliability
of OPPs are analyzed. Then, the mathematical model is constructed
for the inductance parameters. The initial switching states of
TBOMPC are designed to identify the inductance parameters. The
proposed TBOMPC takes account of the inductance mismatches
and redistributes the switching states of OPPs, which can effectively
balance the junction temperatures of power devices at a low carrier
ratio. Finally, the effectiveness of the proposed method is verified
by the experimental results. The maximum junction temperature
differences of TBOMPC are less than 1.5°C under inductance
mismatches.

Index Terms—Inductance mismatches, maximum junction
temperature difference, parallel inverters, thermal balance
oriented model predictive control (TBOMPC).

I. INTRODUCTION

THE sound navigation and ranging (SONAR) can be used to
explore the biological behaviors and variations of marine

organisms, which is of great significance to the safety of marine
ecosystems [1], [2], [3]. The parallel inverters are required to
drive the electroacoustic transducers to emit acoustic waves
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Fig. 1. Series and parallel topologies of the converters. (a) Series. (b) Parallel.

[4], [5]. The bandwidth of the parallel inverter is from tens
of kHz to hundreds of kHz in high-power scenarios [6], [7],
[8]. However, the junction temperatures of power devices in
parallel inverters are imbalanced. The inductance mismatches
exacerbate the inconsistency of the bridge arm current [9], [10],
further making junction temperatures of power devices more
imbalanced. The series and parallel topologies of the converters
are shown in Fig. 1, and the junction temperature imbalance of
parallel topology is more serious.

The existing thermal balance oriented controls (TBOCs)
maintain consistent lifetimes across different modules by ad-
justing output power, redistributing switching states, and so on
[11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21].
The comprehensive comparison of TBOCs is listed in Table I.
Liserre et al. [11], [12], [13] has conducted extensive research
on high reliability, particularly on the issue of different remain-
ing useful lifetimes. An advanced discontinuous modulation
method has been proposed, which can manipulate thermal stress
independently by adjusting output power. The decentralized
power-sharing method is proposed to improve overall system
performance and reliability by appropriately sharing active and
reactive power between different modules [14]. A centralized
thermal stress oriented strategy is proposed to reduce the thermal
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TABLE I
COMPREHENSIVE COMPARISON OF THERMAL BALANCE ORIENTED CONTROLS

stress of multiple inverters by the reactive power injection [15].
The above methods balance the junction temperatures by adjust-
ing active power and reactive power. However, the application
scenarios of the above methods are limited.

The traditional modulation strategies can balance junction
temperatures of power devices by redistributing switching states.
The active bypass with thyristor for half-bridge submodules
and symmetrical modulation for full-bridge submodules-based
active thermal control strategies are employed to reduce the
junction temperature [16]. An active thermal balancing algo-
rithm in [17] takes into account the junction temperature of the
most stressed power semiconductor in each SM for junction
temperature balance. The pulse width modulation method is
based on the periodic alternate use of power devices, which can
balance junction temperatures of power devices and minimize
temperature rise [18]. These improved modulation strategies can
effectively balance the junction temperatures of power devices.
However, when the parameters are mismatched, the effective-
ness of balancing junction temperatures may be weakened.

The finite-control set model predictive control (FCS-MPC)
with multiobjective optimization has been widely applied in
thermal balance. FCS-MPC can effectively address the issue
of imbalanced thermal stress, but weighting factors of electrical
and thermal variables are hard to design. Active thermal control
is realized by the state distribution algorithm for the superior
dynamic performance and high reliability [19]. The advantages
of the FCS-MPC in achieving junction temperature balance in
hybrid neutral point clamped (NPC) and active NPC converters
are studied in [20]. Two switching sequences with different
zero vectors in each sector are alternately selected, which can
balance the loss and thermal stress [21]. However, the carrier
ratio of the existing FCS-MPC is high, which is not suitable in
high-frequency scenario (such as 100 kHz).

Low-carrier-ratio methods, such as optimal pulse patterns
(OPPs), have been widely used in the field of motor drive
[22], [23], [24]. Meanwhile, low-carrier-ratio methods with high
switching frequency utilization have gradually been applied in
100 kHz large-signal multiphase converters [25]. However, the
junction temperature imbalance of low-carrier-ratio methods

is more serious. Professor Tobias Geyer has focused on the
reliability of OPPs and improved the reliability by constraining
the switching loss and conduction loss. However, the output
performance of OPPs may be affected [26], [27]. Meanwhile,
low-carrier-ratio methods considering parameter mismatches
need to be further studied in the junction temperature balance.

This article proposes the thermal balance oriented model pre-
dictive control (TBOMPC) for the 100 kHz large-signal parallel
inverter. TBOMPC is based on the optimal switching angles
and optimal states of OPPs, which has high switching frequency
utilization and excellent output performance. The carrier ratio of
TBOMPC is low, which is suitable in high-frequency scenario.
The proposed TBOMPC can identify the inductance parameters
and redistribute the switching states to balance the junction
temperatures with mismatched parameters.

The rest of this article is organized as follows. In Section II,
the principle of OPPs is described, and the reliability of OPPs is
analyzed. TBOMPC is proposed in Section III. In Section IV, the
effectiveness of the proposed method is verified by experiments.
Finally, Section V concludes this article.

II. OPTIMAL PULSE PATTERNS

OPPs can minimize the harmonic content of multilevel volt-
age. The theoretical optimal states and optimal switching angles
of OPPs ensure high switching frequency utilization and excel-
lent output performance.

A. Basic Principle

The certain range of harmonic content is minimized by the
OPPs with a low carrier ratio. The specific implementation steps
of OPPs are as follows.

1) Reasonable states of multilevel voltage.
2) Expression of multilevel voltage.
3) Fourier coefficients of multilevel voltage.
4) Amplitude and phase expressed by Fourier coefficients.
5) Total harmonic distortion (THD) expressed by Fourier

coefficients.
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6) The optimal states and optimal switching angles of
the multilevel voltage are calculated to minimize
THD.

The three-full-bridge parallel inverter is used in this article,
which is shown in Fig. 5. To ensure that each power device turns
on and off at least once per output cycle, the carrier ratio is set
to 6. There are four reasonable states in Fig. 2.

In Fig. 2, the green up arrow represents the increase of
one level, and the red down arrow represents the decrease of
one level. The switching transitions ΔVj (j = 0, 1, . . . , 11) can
be expressed by the level of the multilevel voltage Vj (j =
0, 1, . . . , 12)

ΔVj = Vj+1 − Vj , j = 0, 1, . . . , 11. (1)

The switching transitions ΔVj (j = 0, 1, . . . , 11) take the
value of −1 or 1. The expression of multilevel voltage um(θ) is
as follows:

um (θ) =

⎧⎪⎪⎨
⎪⎪⎩

V0
Udc
3 , 0 ≤ θ < α0

Vj+1
Udc
3 , αj ≤ θ < αj+1, j = 0, 1, . . . , 10

V12
Udc
3 , α11 ≤ θ < 2π

(2)

whereUdc is the dc voltage,αj (j= 0, 1, …,11) are the switching
angles. Fourier coefficients an (n = 0, 1, 2, …) and bn (n = 1,
2, …) are calculated over a period of 2π [22], [23], [24]

an =

{
2V0Udc

3 − Udc
∑11

i=0 ΔViαi

3π , n = 0

−Udc
∑11

i=0 ΔVi sin(nαi)
3nπ , n = 1, 2, 3, . . .

(3)

bn =
Udc

∑11
i=0 ΔVi cos (nαi)

3nπ
, n = 1, 2, 3, . . .. (4)

Considering the requirements of dc offset, fundamental RMS
value, phase, and switching angles{

a0 = 0, a1 = 0, b1 =
√
2U1

0 ≤ α0 ≤ α1 ≤ . . . ≤ α11 ≤ 2π
. (5)

The multilevel voltage contains a large number of harmonics.
THD of the voltage is used to evaluate the quality of the voltage
waveform

THD =

√∑
n=2 U

2
n

U1
× 100% (6)

where U1 is the root mean square (RMS) value of the fun-
damental voltage, Un (n = 2,3, …) is the RMS value of the
nth harmonic voltage. The optimization object is the THD
of multilevel voltage. When the operating condition (OC) is
determined, the RMS value of the fundamental voltage U1 is
a fixed value. The high-order harmonics can be absorbed by
the filter capacitor and filter inductor, and the low-order har-
monics (second, third, …,ninth) are the main focus. Therefore,
the optimization function G(ΔV0, …,ΔV11,α0, …,α11) can be
simplified by Fourier coefficients as follows:

G (ΔV1, . . . ,ΔV11, α1, . . . , α11) =

9∑
n=2

(
a2n + b2n

)
. (7)

Fig. 2. Four reasonable states for the full modulation index range. (a) State 1.
(b) State 2. (c) State 3. (d) State 4.

The optimal switching angles at different modulation indexes
M are shown in Fig. 3.
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Fig. 3. Optimal switching angles at different modulation indexes.

Fig. 4. Minimum values of the cost function at different modulation indexes.

The optimal states at different modulation indexes are selected
by traversing all reasonable states

Optimal State =

⎧⎪⎪⎨
⎪⎪⎩

State1, M ≤ 0.37
State2, 0.38 ≤ M ≤ 0.43
State3, 0.44 ≤ M ≤ 0.70
State4, 0.71 ≤ M ≤ 1.00

. (8)

The minimum values of the cost function at different mod-
ulation indexes are shown in Fig. 4. There are three peaks at
the modulation indexes of 0.2, 0.6 and 0.9. Meanwhile, the
minimum values of the cost function at the low modulation index
and high modulation index are generally high. The fundamental
voltage at low modulation index is low, so THD of low modu-
lation index is higher than that of high modulation index.

B. Reliability Analysis

The four optimal states can be obtained by the phase-shifted
square waves in Fig. 2. The detailed constructions are as follows.

1) First Half of the Fundamental Waveform: When the level
increases, power devices (S1, S3, S5) turn ON and power
devices (S2, S4, S6) turn OFF. When the level decreases,
power devices (S8, S10, S12) turn OFF and power devices
(S7, S9, S11) turn ON.

2) Second Half of the Fundamental Waveform: When the
level decreases, power devices (S1, S3, S5) turn OFF and
power devices (S2, S4, S6) turn ON. When the level in-
creases, power devices (S8, S10, S12) turn ON and power
devices (S7, S9, S11) turn OFF.

The detailed constructions make the junction temperatures of
power devices as balanced as possible. To further balance the
junction temperatures, each power device is rotated in turn. The
above constructions are used in OPPs. However, there are two
reliability issues in Fig. 3.

1) If the optimal switching angles satisfy the half-wave sym-
metry (M = 0.5, 0.7, 0.8, 0.9, 1.0), the control signals
of power devices can be composed of 50% duty square
waves. The different switching angles lead to imbalanced
junction temperatures of power devices. The inductance
mismatches exacerbate the reliability issue.

2) If the optimal switching angles do not satisfy the half-wave
symmetry (M = 0.1, 0.2, 0.3, 0.4, 0.6), the control signals
of power devices cannot be composed of 50% duty square
waves. The imbalanced junction temperatures can be a
more serious reliability issue.

III. THERMAL BALANCE ORIENTED MODEL PREDICTIVE

CONTROL

The imbalanced junction temperatures of power devices can
be caused by OPPs. Therefore, TBOMPC is proposed to identify
the inductance parameters and redistribute the switching states
of OPPs, which can balance junction temperatures of power
devices. The control block diagram of the TBOMPC is shown
in Fig. 5. The main steps of TBOMPC are predictive model,
rolling optimization, and feedback.

A. Inductance Parameter Identification

The inductance parameter identification is based on the esti-
mated output voltage at the switching transition moment. When
the inductance parameters Lj (j = 1, 2, …,6) are inconsistent
with the setting value Lp, there are discontinuous changes in the
estimated output voltage (red curve) in Fig. 6.

In Fig. 5, the Kirchhoff’s voltage law at the point A/B⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

u1 (t)− L1
di1(t)
dt = uA (t)

u2 (t)− L2
di2(t)
dt = uA (t)

u3 (t)− L3
di3(t)
dt = uA (t)

u4 (t)− L4
di4(t)
dt = uB (t)

u5 (t)− L5
di5(t)
dt = uB (t)

u6 (t)− L6
di6(t)
dt = uB (t)

(9)

where uj(t) (j = 1, 2, …,6) is the output voltage of the bridge
arm, ij(t) (j = 1, 2, …,6) is the inductor current of the bridge
arm, uA(t) is the node voltage at point A, and uB(t) is the node
voltage at point B. The Kirchhoff’s current law at the point A/B

iL (t) =

3∑
j=1

ij (t) = −
6∑

j=4

ij (t) (10)

where iL(t) is the total inductor current. The output voltageuo(t)
is the difference between the node voltage uA(t) anduB(t)

uo (t)=
L2L3u1 (t)+L1L3u2 (t)+L1L2u3 (t)−L1L2L3

diL(t)
dt

L1L2+L1L3+L2L3
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Fig. 5. Block diagram of the thermal balance oriented model predictive control.

Fig. 6. Estimated output voltage at matched/mismatched parameters.

−L5L6u4 (t)+L4L6u5 (t)+L4L5u6 (t)+L4L5L6
diL(t)

dt

L4L5+L4L6+L5L6
.

(11)

In Fig. 5, the three-full-bridge parallel inverter is divided into
inverters 1–3. The switching states of the first cycle are designed
to identify the inductance parameters, which is divided into three
main stages as follows.

Stage 1: Inverters 1–3 are locked, meaning that the control
signals of all power devices are OFF.

Stage 2: Inverters 1–3 are operated one by one, meaning that the
power devices turn ON in turn.

Stage 3: Inverters 1–3 are fully operational, meaning that at least
one power device turns ON in each bridge arm.

In Fig. 5, ti (i = 0,1, …,11) represent the switching transition
moments in the first cycle. Taking state 4 as an example, the
partial expression of the ideal estimated output voltage u∗ e(t)

in the first cycle is as follows:

u∗
e (t) =

⎧⎨
⎩

u1 (t)− u4 (t)− 2Lp
diL(t)

dt , t = t0
∑3

j=1 uj(t)−
∑6

j=4 uj(t)−2Lp
diL(t)

dt

3 , t = t3 − t8

.

(12)
The change values caused by mismatched inductance param-

eters at the switching transition moments, which are defined as
the output voltage model error Δu∗(t)

Δu∗ (t) = [uo (t)− uo (t− Te)]− [u∗
e (t)− u∗

e (t− Te)]
(13)

where Te is the estimation period. In Fig. 6, the discretization
of the output voltage model error Δu∗(k) is as follows:

Δu∗ (k) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

Δu0, kTe = t0
Δu4, kTe = t3
Δu5, kTe = t4
Δu6, kTe = t5
Δu1, kTe = t6
Δu2, kTe = t7
Δu3, kTe = t8

(14)

where Δuj(j = 0,1, …,6) are the change values of the estimated
output voltage at the switching transition moments. The dif-
ference values in the change rate of the total inductor current
between the adjacent moments are defined as kj (j = 0,1, …,6).
kj (j= 0,1, …,6) at the switching transition moments (the second
stage t0 and the third stage t3-t8) in the first cycle are as follows:

iL (k) + iL (k − 2)− 2iL (k − 1)

Te
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

k0, kTe = t0
k4, kTe = t3
k5, kTe = t4
k6, kTe = t5
k1, kTe = t6
k2, kTe = t7
k3, kTe = t8

.

(15)
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TABLE II
SIX FALLING TIME OF EACH STATE

The first rising time t0 and the six falling time of each power
device are used by inductance parameter identification. The six
falling time of each state is given in Table II.

The inductance parameters Lj (j = 1, 2, …,6) are as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−k0 (L1 + L4 − 2Lp) = Δu0(
1
3 −X56

)
Udc − k4

(
L1X23 + L4X56 − 2

3Lp

)
= Δu4(

1
3 −X46

)
Udc − k5

(
L1X23 + L4X56 − 2

3Lp

)
= Δu5(

1
3 −X45

)
Udc − k6

(
L1X23 + L4X56 − 2

3Lp

)
= Δu6(

1
3 −X23

)
Udc − k1

(
L1X23 + L4X56 − 2

3Lp

)
= Δu1(

1
3 −X13

)
Udc − k2

(
L1X23 + L4X56 − 2

3Lp

)
= Δu2(

1
3 −X12

)
Udc − k3

(
L1X23 + L4X56 − 2

3Lp

)
= Δu3

(16)
where X12, X13, X23, X45, X46, and X56 are the contributions of
each bridge arm inductor current to the total inductor current

X12 =
L1L2

L1L2 + L1L3 + L2L3

=
1

3
+

k3 (Δu1 +Δu2)− (k1 + k2)Δu3

Udc (k1 + k2 + k3)
(17)

X13 =
L1L3

L1L2 + L1L3 + L2L3

=
1

3
+

k2 (Δu1 +Δu3)− (k1 + k3)Δu2

Udc (k1 + k2 + k3)
(18)

X23 =
L2L3

L1L2 + L1L3 + L2L3

=
1

3
+

k1 (Δu2 +Δu3)− (k2 + k3)Δu1

Udc (k1 + k2 + k3)
(19)

X45 =
L4L5

L4L5 + L4L6 + L5L6

=
1

3
+

k6 (Δu4 +Δu5)− (k4 + k5)Δu6

Udc (k4 + k5 + k6)
(20)

X46 =
L4L6

L4L5 + L4L6 + L5L6

=
1

3
+

k5 (Δu4 +Δu6)− (k4 + k6)Δu5

Udc (k4 + k5 + k6)
(21)

X56 =
L5L6

L4L5 + L4L6 + L5L6

=
1

3
+

k4 (Δu5 +Δu6)− (k5 + k6)Δu4

Udc (k4 + k5 + k6)
. (22)

B. Power Device Current Model

SiC MOSFETs are selected as the power devices, which can
achieve channel conduction in the first quadrant and the third
quadrant. Therefore, the current of the power devices depends
on the control signals. The diode only conducts during the dead
time, which can be neglected. The relationship between the
current of power devices and the inductor current is as follows:

iS(2j−1) (t)− iS(2j) (t) = ij (t) , j = 1, 2, . . . , 6 (23)

where iS(2j−1)(t) and iS(2j)(t) (j = 1, 2, …,6) are the current of
the upper and the current of lower power devices, respectively.
The inductor current of each bridge arm is as follows:

i1 (tnow) = X23iL (tnow)

+

∫ tnow

0 [(L2+L3)u1 (t)−L3u2 (t)−L2u3 (t)] dt

L1L2+L1L3+L2L3

(24)

i2 (tnow) = X13iL (tnow)

+

∫ tnow

0 [(L1+L3)u2 (t)−L3u1 (t)−L1u3 (t)] dt

L1L2+L1L3+L2L3

(25)

i3 (tnow) = X12iL (tnow)

+

∫ tnow

0 [(L1+L2)u3 (t)−L2u1 (t)−L1u2 (t)] dt

L1L2+L1L3+L2L3

(26)

i4 (tnow) = −X56iL (tnow)

+

∫ tnow

0 [(L5+L6)u4 (t)−L6u5 (t)−L5u6 (t)] dt

L4L5+L4L6+L5L6

(27)

i5 (tnow) = −X46iL (tnow)

+

∫ tnow

0 [(L4+L6)u5 (t)−L6u4 (t)−L4u6 (t)] dt

L4L5+L4L6+L5L6

(28)

i6 (tnow) = −X45iL (tnow)

+

∫ tnow

0 [(L4+L5)u6 (t)−L5u4 (t)−L4u5 (t)] dt

L4L5+L4L6+L5L6

(29)

where tnow is the current moment. The bridge arm inductor
current can be obtained by piecewise constant integration of
the output voltage, and only the total inductor current needs to
be sampled, which reduces the number of current sensors.

C. Junction Temperature Model

The average junction temperature and the junction tempera-
ture swing are two important indicators for the thermal reliability
of power devices. The junction temperatures of power devices
Ti(t) (i = 1, 2, …,12) are expressed as follows:

Ti (t) = [Pi_con (t) + Pi_sw (t)]Zth (t) + Tc (t) (30)
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wherePi_con(t) andPi_sw(t) (i= 1, 2, …,12) are the conduction
losses and switching losses of power devices, respectively, Tc(t)
is the case temperature,Zth(t) is the thermal impedance between
the power device and the case. The thermal impedance Zth(t)
is as follows:

Zth (t) = Rth

(
1− e

− t
τth

)
(31)

where τth is the time constant depending on the thermal resis-
tance Rth and the thermal capacity Cth

τth=RthCth. (32)

The junction temperature can be discretized to calculate the
junction temperature swing

ΔTi (k) = ΔTc (k)

k∑
q=1

[Pi_con (q) + Pi_sw (q)]Rth

(
1− e

− Δt
τth

)
e
− (k−q)Δt

τth (33)

where ΔTi(k) is the junction temperature swing of the power
device at moment k, ΔTc(k) is the temperature change of the
case at moment k, and Δt is the discretized time interval. The
periodic junction temperature swing is significantly affected by
the output frequency. When the output frequency reaches kHz,
the periodic junction temperature swing can be ignored. The
conduction loss predictive values Pi_con(tnext) are as follows:

Pi_con (tnext)

=

{
Pi_con (tnow) +

tnext−tnow
To

Rdsi
2
Si (tnow) , Si is ON

Pi_con (tnow) , Si is OFF

(34)

where tnext is the next switching time, Rds is the ON-resistance
of SiC MOSFET. When the power device current is positive,
turn-on and turn-off losses will occur at the moments of turning
ON and OFF, respectively. When the power device current is
negative, there is no switching loss at the switching moments.
The switching loss predictive values Pi_sw(tnext) are as follows:

Pi_sw (tnext)=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
Pi_sw (tnow) +

Eon[iSi(tnow)]
To

,
Si turns on
iSi (t)> 0

Pi_sw (tnow) +
Eoff[iSi(tnow)]

To
,

Si turns off
iSi (t)> 0

Pi_sw (tnow) , else
(35)

where Eon[iSi(tnow)] andEoff[iSi(tnow)] are the turn-ON and
turn-OFF energy of the power device current iSi(tnow) at the
current moment tnow, respectively.

D. Cost Function

There are several key steps of cost function.
1) The cost function is calculated only at the optimal switch-

ing angles, and the cost function is calculated at most 6
times at each optimal switching angle.

2) Based on the optimal states and the optimal switching
angles calculated by OPPs, the switching states of power
devices are redistributed at a specific level.

Fig. 7. Implementation steps of rolling optimization.

3) The thermal coupling between the devices has little effect
on the switching sequences with the limited calculation
times.

The junction temperature cost function should ensure that the
junction temperatures of the power devices are balanced. The
junction temperature cost function g(S) is expressed as follows:

g (S) =
12∑
i=1

[Ti (tnext)− Tref]
2 (36)

where Tref is the reference of the average junction temperature.
The expression of the reference of the average junction temper-
ature Tref is as follows:

Tref = (1− η)PoRth + Tc (37)

where η is the efficiency, Po is the output power. The efficiency
η takes the value of 95%.

The optimization process is a rolling optimization. There are
some sets of switching states in the finite set, and the switching
states are substituted into the cost function. A set of switching
states is selected to minimize the cost function. The implemen-
tation steps are shown in Fig. 7.

When the level is determined, the switching state of each
power device is the switching distribution, and the number of
switching distribution directly determines the calculation num-
ber of the cost function. When the level is 3/-3, the number of
switching distribution is 1. When the level is 2/-2, the number of
switching distribution is 6. When the level is 1/-1, the number
of switching distribution is 15. When the level is 0, the number
of switching distribution is 20. Taking level of 0 as an exam-
ple, when the power device with the largest loss is OFF, and
the power device with the smallest loss is ON, the maximum
number of switching distribution is 6. The cost function is
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Fig. 8. Three-full-bridge parallel inverter experimental platform.

TABLE III
EXPERIMENTAL PARAMETERS AND HARDWARE COMPONENTS

calculated at most six times at each optimal switching angle.
Altera EP4CE10E22C8 with 10320 logic elements available
and Quartus II software v13.0 are used, and the clock of field
programmable gate array is set to 200 MHz by using phase
locked loop. The calculation time of the cost function takes up
a maximum of 6 clock cycles at each optimal switching angle.

IV. EXPERIMENTAL VERIFICATION

To verify the effectiveness of TBOMPC, the three-full-bridge
parallel inverter experimental platform is built in Fig. 8. The
junction temperatures of power devices are measured by drain-
source voltage clamp circuit in Fig. 8. The experimental param-
eters and hardware components are given in Table III.

A. Matched Parameters

TBOMPC is based on the states and the switching angles
calculated by OPPs, so TBOMPC maintains consistent THD
with OPPs as shown in Fig. 9.

The measurement error causes the difference in the THD
between the OPPs and TBOMPC. The difference is within the
acceptable range. The fundamental voltage at low modulation
index is low, so the difference of low modulation index is
higher than that of high modulation index. When the modulation
index is more than 0.4, the THD of TBOMPC is less than 3%.
Therefore, the output performance of TBOMPC can meet the
application requirements.

When the inductance parameters Lj (j = 1, 2, …,6) are the
setting valueLp, the maximum junction temperature differences
of OPPs and TBOMPC are shown in Fig. 10. The maximum

Fig. 9. THD of OPPs and TBOMPC.

Fig. 10. Maximum junction temperature differences of OPPs and TBOMPC.

junction temperature differences of OPPs are basically between
4°C and 6°C. The maximum junction temperature difference
of OPPs even reaches 6.78°C at the modulation index of 0.2.
TBOMPC can keep the maximum junction temperature differ-
ences during the full modulation index range within 1.0°C.

When the modulation index is 1.0, the junction temperature
waveforms of OPPs and TBOMPC with matched parameters
are shown in Fig. 11. TBOMPC can balance the junction tem-
peratures with matched parameters. The switching states of
TBOMPC is adjusted with the junction temperature, and the
switching frequency of TBOMPC is more than that of OPPs.
Meanwhile, the maximum carrier ratio of TBOMPC is still low.

B. Mismatched Parameters

Considering the consistency and the cost, the inductance
parameter mismatches are allowed. The manufacturing process
of magnetic core is the main reason for the inductance parameter
mismatches. The parameter mismatches can reach up to 25%.

The theoretical inductance parametersL∗ are set to 30–50 uH.
The OCs of parameter mismatches are given in Table IV. The
inductance parameters in the three-full-bridge parallel inverter
experimental platform are the actual inductance parameters
La. The actual inductance parameters La are measured by an
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Fig. 11. Output voltage, output current, switching sequences and junction temperature waveforms of TBOMPC and OPPs with matched parameters:
40 uH/40 uH/40 uH/40 uH/40 uH/40 uH.

TABLE IV
OPERATING CONDITIONS OF PARAMETER MISMATCHES

impedance meter in advance, and the actual inductance param-
eters La are as close to the theoretical inductance parameters
L∗ as possible. The inductance parameters Le are estimated by
TBOMPC. The deviation LDev between the actual inductance
parameters La and the estimated inductance parameters Le is as
follows:

LDev =
|La − Le|

La
× 100%. (38)

It can be seen from Table IV that there are multiple inductance
parameter mismatches. The deviation between the actual induc-
tance parameters La and the estimated inductance parameters
Le is within an acceptable range with a maximum of 3.53%.
TBOMPC can effectively identify the inductance parameters.

Under the typical OCs, the output voltage, output current
and junction temperature waveforms of TBOMPC and OPPs
are shown in Figs. 12 and 13. The output voltage and output
current waveforms of TBOMPC are the same as those of OPPs.
The modulation index changes from 0.6 to 1.0 in Fig. 12, and
the modulation index changes from 1.0 to 0.8 in Fig. 13. The
junction temperatures of power devices Ti(t) (i = 1, 2, …,12)
are defined as Tj in Figs. 12 and 13. The junction temperature

data can be obtained once per switching period (a small amount
of unreasonable data is eliminated).

In Fig. 12, the third, fifth, and seventh output voltage har-
monics are the main harmonic content at the modulation index
of 0.6, and the third and fifth output voltage harmonics are
the main harmonic content at the modulation index of 1.0. In
Fig. 13, the third and fifth output voltage harmonics are the main
harmonic content at the modulation index of 1.0, and the third
output voltage harmonic is the main harmonic content at the
modulation index of 0.8. Under the two OCs, the output voltage
harmonics are greatly affected by inductance parameters. The
higher the parameter mismatches, the worse the THD. THD is
still less than 3% with mismatched parameters, which ensures
the application effect of TBOMPC.

Under OC 1, only inductance parameter L1 is reduced by
25%. When the modulation index changes from 0.6 to 1.0, the
maximum junction temperature differences of OPPs are 8.24°C,
and 7.40°C, respectively, in Fig. 12. Under OC 2, the inductance
parameters L1 and L6 are reduced by 25%, and the inductance pa-
rameters L3 and L4 are increased by 25%. When the modulation
index changes from 1.0 to 0.8, the maximum junction temper-
ature differences of OPPs are 6.23°C, and 7.28°C, respectively,
in Fig. 13. The maximum junction temperature differences of
OPPs with mismatched parameters are larger than those of OPPs
with matched parameters. The mismatched parameters make the
temperature differences of OPPs more imbalanced.

The inductance difference is the main influencing factor of the
maximum junction temperature difference, but the maximum
junction temperature difference does not necessarily increase
with the increase of inductance difference. When the modulation
index is 1.0, the maximum junction temperature difference of
OC 1 is larger than that of OC 2. Inverters 1–3 are operated one
by one, meaning that the power devices turn ON in turn. The
junction temperatures of power devices (S1, S7) are the largest,
and the junction temperatures of power devices (S5, S11) are the
smallest. In OC 1, L1 (Inverter 1, S1) decreases and the maximum



TANG et al.: TBOMPC FOR 100 KHZ LARGE-SIGNAL PARALLEL INVERTERS WITH OPTIMIZED PULSE PATTERNS 9917

Fig. 12. Output voltage, output current and junction temperature waveforms of TBOMPC and OPPs under operating condition 1:
30 uH/40 uH/40 uH/40 uH/40 uH/40 uH.

junction temperature difference increases. Although L1 (inverter
1, S1) decreases in OC 2, L4 (inverter 1, S7) increases and L6

(inverter 3, S11) decreases. The maximum junction temperature
difference of OC 2 can be smaller than that of OC 1.

Low carrier ratio causes the junction temperature in low
modulation index higher than that in high modulation index.
The output current of the three-full-bridge parallel inverter is
high in high modulation index, but the power device current is
not high in high modulation index. The state of modulation index
0.6 is state 3, and the state of modulation index 0.8 and 1.0 is

state 4. In Fig. 2, the turn-ON interval between S3 and S5 in state
3 is larger than that in state 4, so the current of power devices
(S1, S3) in state 3 is larger than that in State 4, and the current
of power devices (S5) in state 3 is smaller than that in state 4. In
state 4, the larger the modulation index, the shorter the turn-on
interval of each power device. RMS values of each power device
current are listed in Table V under different OCs and different
modulation indexes.

When the inductance parameters are mismatched and modu-
lation indexes are changed, the maximum junction temperature
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Fig. 13. Output voltage, output current and junction temperature waveforms of TBOMPC and OPPs under operating condition 2:
30 uH/40 uH/50 uH/50 uH/4 0uH/30 uH.

TABLE V
RMS VALUES OF EACH POWER DEVICE CURRENT

differences of TBOMPC with inductance parameter identifica-
tion are 1.28°C, 1.41°C, 1.23°C, and 1.41°C, respectively. The
maximum junction temperature differences are less than 1.5°C,
which are within an acceptable range. Compared with OPPs,

TBOMPC with inductance parameter identification effectively
reduces the maximum junction temperature differences.

To highlight the usefulness of the inductance parameter iden-
tification, the results of TBOMPC without inductance parameter
identification are also shown in Figs. 12 and 13. TBOMPC
without inductance parameter identification is affected by the
inductance parameters, and the maximum junction temperature
differences of TBOMPC without inductance parameter identifi-
cation are more than 3.0°C. When the degree of mismatched pa-
rameter is different, the difference between the maximum junc-
tion temperature difference of TBOMPC without inductance
parameter identification is large. Compared with TBOMPC
without inductance parameter identification, TBOMPC with
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inductance parameter identification provides better ability to
handle parameter mismatches. Therefore, TBOMPC with induc-
tance parameter identification can maintain a good temperature
balance with different inductance parameters and modulation
indexes.

V. CONCLUSION

TBOMPC in this article balanced the junction temperatures of
the power devices. The maximum junction temperature differ-
ence of OPPs was 6.78°C with matched parameters. The max-
imum temperature differences of OPPs were greatly affected
by inductance parameters. The maximum junction temperature
difference of OPPs was even more than 8°C with mismatched
parameters. TBOMPC improved the thermal balance issue of
OPPs in the following ways.

1) TBOMPC could identify the inductance parameters by the
designed first cycle. The maximum deviation between the
actual inductance parameter and the estimated inductance
parameter was only 3.53%.

2) TBOMPC could redistribute switching states based on
OPPs by cost function. The maximum junction temper-
ature differences of TBOMPC were within 1.5°C with
matched/mismatched parameters.

Therefore, TBOMPC could accurately identify inductance
parameters and reasonably balance the junction temperatures
of power devices.
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