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Temperature Rise Balancing and Minimization
Based on Periodically Alternating Employment
of Power Devices
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Abstract—Aiming at the temperature rise and thermal control
issues of power devices in H-bridge converters under conventional
pulsewidth modulation (PWM) methods, a novel PWM method
of H-bridge converter with temperature rise balancing and mini-
mization based on periodically alternating employment of power
devices is proposed. In the proposed method, two novel operation
mechanisms of power devices are alternately applied into the eight
regions with the identical and opposite polarities of reference volt-
age and input current, which are composed of two fundamental
frequency periods. All active switches and antiparallel diodes in
H-bridge converters are made to work alternately in these eight
regions, each of them is designed to keep in ON-state in one region,
operate in switching state in another two regions, and inactive in
the left other five regions. This way, the power dissipation and
temperature rise of all the devices are balanced and minimized, and
H-bridge converters no longer suffer from the dead-time effect on
current quality and dc-bus voltage utilization. The implementation
strategy of the proposed modulation method is discussed in detail.
Simulation and experimental results are presented that verify the
effectiveness of the proposed method and the corresponding imple-
mentation strategy at different operating points.

Index Terms—H-bridge converter, junction temperature
reduction, operation mechanisms of power devices, power
dissipation mitigation, pulse width modulation, temperature rise.

1. INTRODUCTION

ITH the rapid development of power electronics and
Wthe continuous progress of industrial modernization,
multilevel power converters have been increasingly applied in
the fields of high-voltage direct current transmission system
(HVDC) [1], active power filter system [2], reactive power
compensation system [3], [4], and high-voltage and high-power

Manuscript received September 30, 2021; revised November 29, 2021 and
February 4,2022; accepted March 12, 2022. Date of publication March 23, 2022;
date of current version May 23, 2022. This work was supported by the National
Natural Science Foundation of China under Grant 51577187. Recommended for
publication by Associate Editor M. Liserre. (Corresponding author: Changgeng
Tian.)

The authors are with the School of Mechanical Electronic and Information En-
gineering, China University of Mining and Technology, Beijing 100083, China
(e-mail: wangc@cumtb.edu.cn; 983767044 @qq.com; chengh@cumtb.edu.cn;
dengjiaqingrae @ 163.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2022.3161665.

Digital Object Identifier 10.1109/TPEL.2022.3161665

, Hong Cheng “, and Jiaqing Deng

frequency conversion speed regulation system [5]. Among the
various circuit topologies of multilevel converters, the cascaded
topology represented by the cascaded H-bridge multilevel con-
verters has gradually become the mainstream of the market
because of its significant advantages, such as modular design,
low harmonic pollution, wide input and output power range, easy
system expansion, and redundant control. It is widely applied in
medium- and high-voltage power electronic transformers [6],
novel transformerless cascaded medium- and high-voltage con-
verters [7], static var generators [8]-[10], and modular multilevel
converters [11], [12]. However, the main problem of these power
electronic systems composed of cascaded H-bridge converters in
practical applications is the high failure rate and low reliability
of their cascaded cells. In recent years, as the power level and
the number of cascaded cells of such systems in high-voltage
and high-power applications continue to increase, the reliability
of fully controlled H-bridge converters has become one of the
critical issues affecting their operation performance, which has
been extensively studied and discussed [13]-[15].

The investigation shows that the failure of power semicon-
ductor devices is the main factor leading to the reliability issue
of H-bridge converters, especially the active power switching
devices are not only the most fragile components within H-
bridge converters, but also the biggest heat source, and their
service lifetime is closely related to the temperature rise of the
chips [16], [17]. The temperature rise of the chip in the power
switching device is mainly caused by the power losses of the chip
itself, and the greater the losses, the higher the temperature rise.
Excessive junction temperature and junction temperature fluc-
tuations (especially fundamental frequency and low-frequency
junction temperature fluctuations) can cause damage to the sili-
con chip on one hand, and on the other hand, it will aggravate the
thermal-mechanical stress among the layers of materials with
mismatched thermal expansion coefficients inside the device,
thus accelerating the failure of the device [17]. The relationship
among the means junction temperature, junction temperature
fluctuations, and the number of insulated gate bipolar transistor
(IGBT) thermal cycles based on the Coffin-Manson model is
presented in [18], which showed that the lifetime of IGBT de-
creases significantly with the increase of the means junction tem-
perature and junction temperature fluctuations. Hence, reducing
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the means junction temperature and junction temperature fluc-
tuations will effectively prolong the lifetime of power switching
devices and improve the reliability of H-bridge converters.

Currently, a large number of research works have explored
junction temperature control methods for power switching de-
vices, mainly including losses compensation methods [19]-[23]
and losses reduction methods [24]-[32], known as active ther-
mal control. The basic idea of losses compensation methods
is to smooth junction temperature fluctuations by increasing
the devices losses when junction temperature is in a downward
trend. The corresponding implementation strategies include in-
creasing the switching frequency [19], [20], reducing the driving
voltage [21], [22], and introducing the reactive current cycling
in the parallel converter system [23]. However, these methods
inevitably increased the overall losses and means junction tem-
perature of power devices. The basic idea of losses reduction
methods is to reduce the switching losses or evenly distribute the
conduction losses to achieve junction temperature management.
The corresponding implementation strategies include reducing
the switching frequency [24]-[26], dynamically adjusting the
dc-bus voltage in the traction drives with permanent magnet
synchronous motor (PMSM) [27] and adopting the improved
modulation schemes, such as the discontinuous pulsewidth mod-
ulation (DPWM) strategy [28]-[30]. However, those methods
will significantly increase the current harmonics and reduce the
output quality of the H-bridge converter, which is unacceptable
in some applications. Ko et al. [31] and [32] studied an improved
DPWM strategy for a cascaded H-bridge converter system,
which reduced the switching losses of the devices in higher
aged cell and obtained a comparable THD performance to the
common phase-shifted PWM (PS-PWM) strategy. However, the
clamping region present in the modulation signal also affected
the conduction time, which resulted in an unbalanced conduc-
tion losses distribution and junction temperatures distribution
among the power devices of higher aged cell. In particular, this
imbalance aggravates as the input current and dc-bus voltage
increase. Obviously, the previous studies on thermal control have
more or less limitations, and there has not been a satisfactory
solution that can effectively reduce and uniformly distribute the
junction temperature of all power devices in H-bridge converters
without affecting the operation performance and output quality.
In addition, for conventional bipolar and unipolar pulsewidth
modulation (PWM) methods applied to H-bridge converters,
the excessive and unbalanced use of power devices and the
forced turn-ON of unnecessary switching devices have been two
neglected reliability issues that also greatly affect the junction
temperature distribution of power switching devices and the
output quality of H-bridge converters.

To address the temperature rise and thermal control issues of
power devices under conventional PWM methods, this article
proposes a novel PWM method with temperature rise balancing
and minimization for fully controlled H-bridge converter based
on periodically alternating employment of power devices. The
proposed method is applicable to all operating points of H-bridge
converters, including different current magnitudes, power fac-
tors, and fundamental frequencies. By employing each power
device evenly and alternately in two fundamental frequency
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Fig. 1  Circuit configuration of H-bridge converter.

periods, the proposed method not only achieves the effective
reduction and uniform distribution of the junction temperature
for all power switching devices without altering the switching
frequency, but also makes the H-bridge converter no longer
suffer from the dead-time effect on the current quality and
dc-bus voltage utilization. This article is organized as follows. In
Section II, the proposed PWM method based on power devices
alternating operation mechanisms is presented. The theoretical
losses analysis is investigated in Section III. Simulation and
experiment results are presented and discussed in Section IV.
Finally, Section V concludes the article.

II. PRINCIPLE OF THE PROPOSED PWM METHOD BASED ON
POWER DEVICES ALTERNATELY EMPLOYED

The H-bridge converter analyzed in this article, as shown
in Fig. 1, contains a dc-side capacitor C, four active power
switches S7,52,53,and Sy, and four freewheeling diodes
Dy, D5, D3, and Dy. Based on the bidirectional power trans-
mission characteristics, the H-bridge converter can operate not
only in rectifier mode or inverter mode under programmable
leading or lagging power factors, but also in capacitive reactive
power compensator (CRPC) mode or inductive reactive power
compensator (IRPC) mode. The waveforms of ac-side reference
voltage u, and input current ¢ in the four operation modes are
shown in Fig. 2, respectively, and the expressions of u, and i
are given by (1), where m is the modulation ratio and @ is the
phase difference between u, and ¢

{u’;b = Ugem sin(wt)

i = Iy, sin(wt + 0). M

It can be observed that the fundamental frequency period T’
of uy,; can be divided into four regions according to the different
polarity characteristics of u, and 7 regardless of the operation
mode, where different modulation modes will generate a variety
of operation mechanisms for power devices and determine their
usage state.

Bipolar and unipolar modulation are two basic modulation
modes adopted in PWM methods for H-bridge converters,
which are also the basis for carrier phase-shifted PWM and
carrier level-shifted PWM for cascaded H-bridge converters.
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Fig.2 Waveforms of ac-side reference voltage and input current in four operation modes. (a) Rectifier mode. (b) Inverter mode. (c) CRPC mode. (d) IRPC mode.

However, these two basic modulation modes have the inherent
drawbacks in the operation mechanisms generated for power
devices, such as unnecessary excessive or unbalanced use of
power devices, and the forced turn-ON of unnecessary switching
devices. In order to better explain the advantage of the proposed
PWM method by this article and for the sake of completeness,
the conventional bipolar and unipolar PWM methods are re-
viewed at first briefly before introducing the proposed PWM
method.

A. Brief Review of Conventional PWM Methods

For conventional bipolar PWM method, as shown in Fig. 3(a),
a pair of complementary drive signals are generated to control
the two pairs of diagonally opposite switches from the two legs,
which makes these two pairs of switches switch ON and OFF alter-
nately in one switching cycle T, and the input voltage fluctuate
between two values. The corresponding operation mechanisms
of the devices in each region are depicted in Fig. 4, where Sa, S5
and Dy, D, are alternately switched in regions 1 and 4, while
S1, 84, and Do, D3 are alternately switched in regions 2 and 3.
The mean conduction time T¢,, of them within 7y are given by

the following equation:

_ 1 =0 (1—msinwt
Teon_s,,5, = 37 )0 ( 2 Tf) ~dr

(71'727;;(3059) T
TCOH_Dl,D4 = i nga (WD) ~dr

_ (7r+2:1r;c059) Tf o
Ten_sy,5, = 2% Jarg (FE2SLTY) - dr

= wn_

_ 1 2m—0 (1-msinwt X
Teon_p,,ps = 25 Jmog (52 Ty) - dr

_ (m+2mcosh)
- 47 Tf

Since the sum of the time duration of regions 1 and 4 and that
of regions 2 and 3 are both equal to Tf/z, the switching times
Ny of them within T’y are given by the following equation:

Ty
Newpypansns =57

NSW_S1752-,SS7S4 =

Obviously, this method makes all switches operate in
switching state without a break, which not only increases their
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Fig.3 Conventional PWM modes for H-bridge converter. (a) Bipolar modula-
tion mode. (b) Unipolar-I modulation mode. (¢) Unipolar-II modulation mode.
(d) Unipolar-III modulation mode.

Fig. 4 Operation mechanisms of power devices in each region under bipolar
PWM method. (a) In regions 1 and 4. (b) In regions 2 and 3. (a) S1, S4, D1, D4
and Sa, S3 operate in switching state. (b) S1,.S4 and Sa, S5, D2, D3 operate
in switching state.

switching losses, but also forces those switches, such as S7 and
S, in regions 1 and 4, S5 and S5 in regions 2 and 3, to be in
unnecessary ON-state.

For conventional unipolar PWM methods, Fig. 3(b)—(d)
shows three types of modulation strategies, labeled as I, II,
and III, which are characterized by the generation of two
pairs of complementary drive signals for left and right legs,
respectively, and the input voltage containing three voltage
levels. For unipolar-I and II modulation strategies, the operation
mechanisms of the devices under them are equivalent to that
under bipolar modulation strategy due to the identical switching
times and conduction time of each device in each region. For
unipolar-III modulation strategy, the devices will possess two
operation mechanisms depending on the different distribution
of drive signals for the switches, one of which is illustrated in
Fig. 5. The switching times Ng,, and mean conduction time 7,
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of the devices within T’y based on the operation mechanism in
Fig. 5 are given by the following equations:

_ (m—0)Ty
]\fsw_ShS3 — NSW_D27D4 27TTsw (4)
N. = N. — )Ty
SW_S5,54 SW_Dy,D3 27Ty

Teon_sy,85 = WTJC
Ton s,.5, = 52201 .
Tcon_Dl,D3 = WTJC ®
TC(>n_D2,D4 = WT%

Obviously, this method makes all the devices have nonuni-
form switching times and conduction time, it also forces the
unnecessary switches to keep working.

The operation mechanisms of all the power devices in each
region under conventional bipolar and unipolar PWM methods
are summarized in Table I, where it can be seen that these
operation mechanisms inevitably bring about an unnecessary
growth in power device losses caused by either excessive use
or unbalanced use of the devices, and make the converter suffer
from the dead-time effect due to those switches kept in unneces-
sary ON-state, which worsens the reliability and output quality
of the H-bridge converter.

B. Novel Mechanisms of the Proposed PWM Method

In response to this issue, this article proposes a novel PWM
method for the H-bridge converter with temperature rise bal-
ancing and minimization based on periodically alternating em-
ployment of power devices, in which two novel mechanisms
(type-A and type-B) are proposed and alternated in an alter-
nating cycle composed of two fundamental frequency peri-
ods. The proposed PWM method is applicable to all opera-
tion modes of H-bridge converters. Taking the CRPC mode
illustrated in Fig. 6 as an example, mechanism type-A is
applied to four of the eight regions, where reference volt-
age u;, and input current i have identical polarities, while
mechanism type-B will be applied to the other four regions,
where v, and 7 have the opposite polarities. The principles
of mechanism type-A and type-B will be explained in detail
as follows.

As shown in Fig. 7, mechanism type-A is designed for regions
1,3,5,and 7, which is characterized by keeping one diode in ON-
state, and operating its diagonally opposite diode and a switch
(from the other power module in the same leg as the diagonal
diode) in the switching state. It can be seen from Fig. 7(a) that
the normal PWM operation of the H-bridge converter in region
1 can be achieved only by keeping diode D; in the ON-state,
and making switch S5 and diode D, operate in switching state,
instead of requiring all devices (including necessary and un-
necessary devices) to operate in ON-state or switching state as
what under traditional PWM methods. In order to evenly use
each power device, the proposed method takes two fundamental
frequency periods 27’ to constitute the alternating cycle. It can
be seen in Fig. 7(c) that the PWM operation in region 5 (first
region in second fundamental frequency cycle) is different from
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Fig. 5 Operation mechanisms of power devices in each region under unipolar-IIIl PWM method. (a) In region 1. (b) In region 2. (¢) In region 3. (d) In region
4. (a) S1, D1 keep in on-state, S4, D4 and S3 operate in switching state. (b) S keeps in on-state, S3, D3 and S, operate in switching state. (¢) S5, D3 keep in
on-state, So, D2 and S operate in switching state. (d) S3 keeps in on-state, S1, D1 and S2 operate in switching state.

TABLE I
OPERATION MECHANISMS OF POWER DEVICES UNDER CONVENTIONAL PWM METHODS

Operation mechanisms under bipolar,

Regions . Operation mechanisms under unipolar-III PWM method
unipolar-I and II PWM methods
S.S..D.D,and S, S. S,, D, keep in on-state, S,, D, keep in on-state,
19945 Ly 2593
Region 1
operate in switching state S,,D, and S, operate in switching state S,, D, and §, operate in switching state
S,,S;,D,,D;and S|, S S, keeps in on-state, S, keeps in on-state,
Region 2 SRR v
operate in switching state Sy, Dy and S, operate in switching state S,, D, and S, operate in switching state
S.,S..D,,D,and S,, S S;, D, keep in on-state, S,, D, keep in on-state,
Region 3 T v
operate in switching state S,,D, and S, operate in switching state S,, Dy and S, operate in switching state
S.,S,,D,,D,and S,,S S, keeps in on-state, S, keeps in on-state,
) 1994 s Ly 29093
Region 4 1
operate in switching state S|, D, and S, operate in switching state S,,D, and S, operate in switching state
f——————— The alternating cycle 2T, ————————>! in region 3 is achieved by keeping diode D, in ON-state, and
ot | : | ! : : : making switch Sy and diode D3 operate in switching state,
I I I/7<\ |/\ while in region 7, diode Djs is designed to keep in ON-state,
! ' ! ! ' ' ! I, switch S7 and diode D, operate in switching state, as shown
0 i 2z T 4 . .
I I I I I I I | in Fig. 7(b) and (d).
! ' ! ! ! ! Different from mechanism type-A, as shown in Fig. 8, mech-

1 ! 1 ! 1 Ll
Regionl Region2 Region3 Region4 Region5 Region6 RegionT Region8

Mechanism A A A Mechanism
type-A type-B

Fig. 6 Proposed alternating operation mechanisms control method for H-
bridge converter.

that in region 1, in region 5 the normal PWM operation of the
H-bridge converter is achieved by keeping diode D, in ON-state,
and operating switch Sy and diode D; in switching state. Sim-
ilarly, the normal PWM operation of the H-bridge converter

anism type-B is designed for regions 2, 4, 6, and 8, which
is characterized by keeping one switch in ON-state, and oper-
ating its diagonal switch and a diode (from the other power
module in the same leg as the diagonal switch) in switching
state. From Fig. 8(a) and (c), it can be seen that the normal
PWM operation of the H-bridge converter in region 2 can be
achieved only by keeping switch Sy in ON-state, and operate
switch S; and diode D5 in switching state, while to make
sure to evenly use each power device, in region 6 the PWM
operation can be changed to keep switch S; in ON-state, and
operate switch Sy and diode D3 in switching state. Similarly,
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Fig. 7 Novel operation mechanism type-A of the devices in the regions. (a)
Region 1. (b) Region 3. (c) Region 5. (d) Region 7. (a) D1 keeps in on-state, D4
and S3 operate in switching state. (b) D2 keeps in on-state, D3 and .S operate
in switching state. (c) D4 keeps in on-state, D1 and S5 operate in switching
state. (d) D3 keeps in on-state, D2 and S operate in switching state.

the normal PWM operation of the H-bridge converter in region 4
can be achieved by keeping switch S5 in ON-state, and operating
switch S3 and diode D, in switching state, while in region 8,
the PWM operation changes to keep switch S5 in ON-state, and
operate switch Sy and diode D; in switching state, as shown
in Fig. 8(b) and (d).

Obviously, benefiting from the novel mechanisms type-A
and type-B, all active switches and anti-parallel diodes work
alternately in these eight regions, each of them is designed to
keep in ON-state in one region, operate in switching state in
another two regions, and do not work in the left other five regions.
In addition to the alternation mode illustrated in Figs. 7 and 8,
the proposed PWM method also contains seven other alternation
modes, which are all composed of mechanisms type-A and
type-B, as shown in Table II. The switching times and mean
conduction time of these devices within 7'y under the proposed
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Fig. 8 Novel operation mechanism type-B of the devices in the regions. (a)
Region 2. (b) Region 4. (c) Region 6. (d) Region 8. (a) S4 keeps in on-state, Do
and S operate in switching state. (b) S2 keeps in on-state, D4 and S5 operate
in switching state. (c) S1 keeps in on-state, D3 and S4 operate in switching
state. (d) S3 keeps in on-state, D and So operate in switching state.

method are given by the following equations:

Ty

NSW—S1,5'2753,S4 = YSW_Dy,D3,D5,Ds — AT, ©
sW
_ (m—2mcosf)
Teon_g,,5,,85,5, = am Lf (7)
T - (7r+2mcosG)T
con_p,,Dy,D3,Dy — — 4x [

Compared with the conventional PWM methods, the proposed
method evenly uses all power devices and effectively reduces
their switching times, which will reduce and balance the junc-
tion temperature for each device without altering the switching
frequency. Besides, since it designs only the necessary devices
to work and keeps those unnecessary switches in OFF-state in
each region, the proposed method eliminates the requirement
of setting a dead-time for the drive signals, which not only
improves the power quality and dc-bus voltage utilization of
the H-bridge converter, but also avoids the reliability problem
caused by simultaneous conduction of the two switches from
the same leg.
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TABLE II
ENTIRE ALTERNATION MODES OF POWER DEVICES IN THE PROPOSED METHOD

Regions Alternation mode 1 Alternation mode 2 Alternation mode 3 Alternation mode 4
D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state)
Region 1 S, and D, (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
switching state) state) state) state)
S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state)
Region 2 S, and D, (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
switching state) state) state) state)
D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state)
Region 3 S, and D; (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D; (operate in switching
switching state) state) state) state)
S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state)
Region 4 S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
state) state) state) state)
D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state)
Region 5 S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
state) state) state) state)
S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state)
Region 6 S, and D; (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D; (operate in switching
switching state) state) state) state)
D; (keeps in on-state) D; (keeps in on-state) D, (keeps in on-state) Dy (keeps in on-state)
Region 7 S, and D, (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
switching state) state) state) state)
S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state)
Region 8 S, and D, (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
switching state) state) state) state)
Regions Alternation mode 5 Alternation mode 6 Alternation mode 7 Alternation mode 8
D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state)
Region 1 S, and D, (operate in S, and D, (operate in switching S; and D, (operate in switching S, and D, (operate in switching
switching state) state) state) state)
S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state)
Region 2 S, and D; (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
switching state) state) state) state)
D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state)
Region 3 S, and D, (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
switching state) state) state) state)
S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state)
Region 4 S, and D, (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
switching state) state) state) state)
D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state)
Region 5 S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching
state) state) state) state)
S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state)
Region 6 S, and D, (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D; (operate in switching
switching state) state) state) state)
D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state) D, (keeps in on-state)
Region 7 S, and D; (operate in S, and D, (operate in switching S, and D, (operate in switching S, and D; (operate in switching
switching state) state) state) state)
S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state) S, (keeps in on-state)
Region 8 S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching S, and D, (operate in switching

state)

state)

state)

state)

C. Implementation Strategy of the Proposed PWM Method

The implementation strategy of the proposed method is shown
in Fig. 9, which is designed to provide real-time and accurate
drive signals for the power switching devices in each region to

The DQ current decoupling control algorithm aims at gener-

ating the reference voltage signal v, required by the subsequent

algorithm based on a typical double closed-loop control struc-
ture, where the outer loop is used to control the power transmis-
sion and the inner loop is used to regulate the current quality.

make them obtain the novel mechanisms type-A and type-B.
The implementation strategy consists of three algorithm com-
ponents, including DQ current decoupling control algorithm,
modulation algorithm, and drive signal selection algorithm.

The modulation algorithm is designed to convert the reference
voltage signal u}, into the modulation signal |ur| , and then
generate the corresponding drive signal by a specific modulation
scheme. As shown in Fig. 10, both the modulation and carrier
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Fig. 9  Control diagram of the corresponding implementation strategy for the proposed method.
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Fig. 10 Modulation algorithm of the implementation strategy.

signals are set to an absolute value greater than zero, and a
pair of complementary drive signals g and ¢’ are generated
and utilized to control the specific switches that operate in
switching state in regions 2, 4, 6, and 8 and regions 1, 3, 5,
and 7. The expressions of |us| are given by the following
equation:

*
Ugp

U ®)

| Uref ‘ -

and the conduction time T}, and T, within one switching cycle
T, are given by the following equation:

{

As shown in Fig. 11, the drive signal selection algorithm
combines the drive signals g and ¢’ with the ON-state and
OFF-state drive signals 1 and O to form eight sets of novel drive
signals corresponding to the eight regions, and subsequently
assigns these drive signals to each region precisely by a three-
stage signal selector composed of the pulse signal K, the input
current, and reference voltage. As depicted in Fig. 12, the pulse

T, = |msin(wt)| - Tew

T, = Ty — [msin(wt)] - Ty ©

' ' . .
Regionl Region2 Region3 Region4 Region5 Region6 Region7 Region8

| = | =

Drive signals Drive signals Drive signals
for region 2 for region 4 for region 6

Drive signals
for region 7

Drive signals
for region 3

Drive signals
for region 5

Drive signals
for region 1

Drive signals
for region 8

Fig. 12 Principle of three-stage drive signal selector.

signal K is used to distinguish between the first and second
fundamental frequency period within an alternating cycle with
a pulse frequency that is half of the fundamental frequency.
Assume that the H-bridge converter is operating in region 1,
at which time K > 0, u}, > 0, i > 0, and the product of u},
and ¢ are also greater than 0, which means that the first-stage
signal selector will pick out the drive signals for regions 1, 2, 3,
and 4, the second-stage signal selector further picks out the drive
signals for regions 1 and 2, and the third-stage signal selector
finally picks out the drive signals for region 1. By means of the
drive signal selection algorithm, the power switching devices in
each region will obtain the corresponding operating mechanism
type-A or type-B in real-time.

Indeed, the proposed PWM method is more complicated than
the conventional modulation methods in terms of algorithm
design due to the added judgment for different regions of the
H-bridge converter, but it is not a burden for the digital con-
trollers (e.g., DSP controllers).



WANG et al.: PWM METHOD OF H-BRIDGE CONVERTER WITH TEMPERATURE RISE BALANCING AND MINIMIZATION

; .

0 U
Uab Uab

(a) (b)

[ U u_
0] _
. U, . ! 0
Uab U ab L
(©) (d)
U U, .
I : ; N
mUL 9 Uab UL
© ®

Fig. 13 Phaserelations between input current and reference voltage at different
power factors of H-bridge converters.

III. THEORETICAL LOSSES ANALYSIS

In order to clearly discuss the advantages of the proposed
method in terms of losses distribution and its effectiveness at
different operating points, a comprehensive losses analysis of
power devices under the traditional and proposed methods is
presented in follows. The losses that occur in power device
can be classified as conduction losses, switching losses, and
OFF-state blocking losses, where the last term is usually ne-
glected because the leakage current is of negligible level during
the OFF-state.

Conduction losses occur while the power device is in ON-state
and conducting current, which are calculated by multiplying
the ON-state saturation voltage by the conducting current. The
saturation voltage can be approximated as the linear equation
of the current that flows through the diodes and switches. The
mean conduction losses can be written by the following equation

[33], [34]:

{ Pcon_Switch
P, con_Diode —
where U,co,Ugo, Ree, Rg, and Ag, A4 are, respectively, the
threshold voltage, equivalent resistance, and duty cycle of
switches and diodes, a and [ are, respectively, defined as the
start phase and end phase of the operation interval of the devices
within the cycle.

Switching losses are the power dissipation during turn-ON
and turn-OFF switching transitions, which are proportional to the
switching frequency. The mean switching losses can be written
by the following equation [35], [36]:

{ Pswawitch = % ff (Eon + Eoff) : fsw : d(Wt)
Pswaiode = % ff Erec - fsw : d(Wt)

where fy is the switching frequency, Fie[J], Fon[J], and
E.[J] are respectively reverse recovery energy losses of diodes,

Tj ('90+R(‘P'||) i )‘] d(Wt)

: w (10
7[5 [(Uao + Rq - |i]) i - ha] - d(wt)

(11)
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turn-ON switching energy losses, and turn-OFF switching en-
ergy losses of switches, which are all available in datasheets.
In order to unify the calculation, the mean power dissipation
of each device is calculated in two fundamental frequency
periods.

A. Losses Analysis for Conventional PWM Methods

For bipolar PWM method, the mean conduction and switching
losses of each device in two fundamental frequency periods
are given by (12) and (13), where the power dissipation of the
switches and diodes are equal, respectively.

Due to the identical operation mechanism, the conduction and
switching losses of power devices under unipolar-I and-1I PWM
methods are equivalent to those under bipolar method. There-
fore, only the switching and conduction losses under unipolar-II1
PWM method are discussed in this article, given by (14) and (15).
It can be found that the losses distribution under this method is
extremely nonuniform and varies with the phase difference 6.
Only when 6 = T, the switching losses of switches and diodes
are equal, respectively.

P)SW_Sl753 = T;i;efsw : (Eon + Eoff)
P)SW_SQ,S4 - ifﬂw : (Eon + Eoff) (14)
IDSW_Dl,D3 - o7 fsw © Lirec
PSW7D27D4 - fsw © Lorec
Peon Dy.Ds = Ucif:" (4 4+ mbcosf — mszn@)

+ RZIE” (7T —m+ mcos@— 31 COS 29)
Peon Dy.Dy = U‘ifzm (m(m — ) cosf + msm@)

+ RZIE” (m + 3m cosf + m cos 29)
FPeon_s,,85 = 7UCZ‘;?”‘ (4—m(m—0) cos9 msme)

+ ijI?” (71' —-—m — %m cos ) — fm cos 29)
Peon S5,5, = % (—m# cos O + msinb)

+ ij;’z" (m — 4mcos + tmcos26) .

(15)

B. Losses Analysis for the Proposed PWM Method

For the proposed PWM method, the mean conduction losses
and switching losses are given by (16) and (17), where it can
be seen that the losses of the switches and diodes will always
be equal, respectively, even if the H-bridge converter works at
different operating points (different current magnitude /,,,, phase
difference 0, fundamental frequency period 7'y, and modulation
index m).

As shown in Fig. 13(a), when the H-bridge converter operates
as a CRPC or IRPC, the input current will either lead reference
voltage with the phase difference of § = 4 (capacitive) or lag
it with the same phase difference (inductive), which results in a
consistent duration for regions 1/3/5/7 and regions 2/4/6/8.

While making the H-bridge converter operate as a rectifier,
three phase relations will appear between the input current and
reference voltage which areas follows:

1) The input current leads reference voltage with the phase

difference 6 (leading power factor, unit power factor and
lagging power factor), as shown in Fig. 13(b)—(d).
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TABLE III
SIMULATION PARAMETERS OF THE OPERATING POINTS

Simulation Operating Operating Operating Operating
parameter point 1 point 2 point 3 point 4
IGBTs IKW20N60T IKW20N60T IKW20N60T IKW20N60T
Grid voltage 110Vrms/50Hz 110Vrms/50Hz 110Vrms/50Hz 110Vrms/50Hz
DC-bus voltage 200V 200V 200V 200V
Switching 20kHz 20kHz 20kHz 20kHz
frequency
Boost inductor SmH SmH SmH SmH
DC-bus capacitor 2200pF 2200pF 2200pF 2200pF
Input current 10Arms 10Arms 20Arms 20Arms
CRPC mode Rectifier mode CRPC mode Rectifier mode
Operating mode (rms current leads grid voltage ~ (rms current leads grid voltage ~ (rms current leads grid voltage (rms current lags grid voltage
by 7/2) by 7/6) by 7/2) by 7/4)
Ambient 250C 25°C 25°C 25°C
temperature
2) The input current lags reference voltage with the phase 7 7 7
difference 6 (lagging power factor), as shown in Fig. 13(f). P — S o eniCh o ITha
3) The input current is in phase with reference voltage (lag- T,g i R1 R2 R3 R4 ig R5 ii Ré i T,
ging power factor), as shown in Fig. 13(e). v T o !
Among these phase relations, the phase difference 6 al-  ienC i C C C C'4 i i ii |
ways satisfy: 0 < 6 < T4, which makes the duration of regions ET T T T X H i
1/3/5/7 will be longer than that of regions 2/4/6/8. F p A — a——— T
Likewise, three different phase relations also exist between the () B
input current and reference voltage when the H-bridge converter
operates in inverter mode, where the phase difference 6 always
satisfies: "h < @ < m, whichimplies that the duration of regions & jed __Z_glg_ ) Z_hfz“
1/3/5/7 will be shorter than that of regions 2/4/6/8. Tjd PR R, R3 R, ¥ R5 ‘:: R T
. ! b | ! \ a
Clearly, the power factor changes the phase relation between ; - ; .
. . 1 : : :i ]
the input cu?rent and .reference voltage as well as th.e duration P& | C tc tc e, i i i
of each region, but it has no effect on the effectiveness of diode :'l' ‘|' ‘l’ 'l' 4 ! '
. . . ) [N 1
the proposed method, which is because the conduction and - - ,':\\ - T
switching losses of the switches and diodes are always equal =
for all phase differences. (b)

Meanwhile, it follows from (13) to (18), although the losses of
power devices under traditional bipolar PWM method are also
equal, since the switching losses under the proposed method are
only half of that under the bipolar PWM method, the power
dissipation and junction temperature of the power switching

Fig. 14 One-dimensional Cauer-type thermal network of the thermal simula-
tion model. (a) Six-layer RC thermal network of IGBT chip from junction to
ambient temperature. (b) Six-layer RC thermal network of anti-parallel diode
chip from junction to ambient temperature.

Peon_s1,5,55,5, =

(U{‘(’OI’VW _|_ R(‘el

_ UccOI‘mm Rcelgnm
cosf ( S + =5

Pcon_D1,D2,D3,D4 = (Udojm + Rd]m) + cosf (Udo]mm + Rdéglm) 1
{ Psw_Sl,Sz,Sg,S4 = %fsw . (Eon + Eoff) (13)
Psw_Dl,Dg,Dg,D4 = §fsw : Erec~
Peon_s,,55,55,5, = (U“OI’” + 2) — cosf (U“O;'"”” + Rcegi;”m)
Peon_p,,D5,05,0, = (U“Im + ‘lI ) +cos @ (U‘“I"‘m + Rd‘ﬁlm) e
{ sw_S1,52,53,5, — fsw . (Eon + Eoff) (17)

sw _D1,D>,D3,D4 — 4fsw ' Erec-
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TABLE IV
THERMAL RESISTANCE AND CAPACITANCE PARAMETERS FOR SIX-LAYER
CAUER THERMAL NETWORK

Thermal resistance and Thermal resistance and

Layers capacitance for IGBT chip capacitance for diode chip
Laver 1 0.1784 K/W 0.4251 K/W
ye 0.0008207 J/'W 0.0003273 J/W
Laver 2 0.2486 K/W 0.4663 K/W
aye 0.00195 /W 0.00317 /W
Laver 3 0.3297 K/W 0.5265 K/W
aye 0.03296 /W 0.03219 /W
Laver 4 0.1279 K/W 0.08296 K/W
y 0.4989 J/'W 1.065 /W
Laver § 1.0 K/W L.OK/W
ayer 0.06 I/'W 0.06 I/'W
Laver 6 2.5 K/W 2.5K/W
aye 0.12 /W 0.12 /W

devices under the proposed method will be significantly lower
than those under the bipolar method. It should be noted that the
conduction and switching losses of power devices are always
unequal under the unipolar-IIl PWM method, which always
makes two of the four switching devices (devices 1 and 3, or
devices 2 and 4) at a higher temperature. Only when 6 = 74, the
switching losses under the unipolar-11I method are comparable
to those under the proposed method.

Therefore, based on the above analysis, compared with the
conventional PWM methods, the proposed method can ef-
fectively reduce the switching losses by half and distribute
the conduction and switching losses uniformly among the
power devices, which enables the power switching devices
in the H-bridge converter to have a uniform and lower junc-
tion temperature and higher reliability. For different operating
points (different current magnitudes, power factors, and fun-
damental frequency periods), the proposed method is always
effective.

IV. SIMULATION AND EXPERIMENTAL ANALYSIS
A. Method Validation Based on Thermal Simulation Model

A thermal simulation model of the H-bridge converter based
on PLECS software is established and implemented to validate
the feasibility and effectiveness of the proposed modulation
method at different operating points. The selected operating
points, whose simulation parameters are listed in Table III, apply
the same IGBTs (IKW20N60T), nominal voltage (110 V), and
fundamental frequency (50 Hz), 50% and 100% of rms current,
as well as three different power factor angles. The rms currents
in operating points 1 and 3 are made to lead grid voltage by 7 /2
(CRPC mode), while the rms currents in operating point 2 and
4 are made to lead and lag grid voltage by 7 /6 and 7 /4 (rectifier
mode), respectively.

Assuming that the IGBT chip and anti-parallel diode chip
have independent heat conduction paths, a series-connected
one-dimensional Cauer-type thermal network is introduced to
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TABLE V
THD RESULTS OF REFERENCE VOLTAGE AND INPUT CURRENT

Reference voltage Input current

Modulation methods

THD THD
Bipolar PWM method 13.5% 3.9%
Unipolar-1II PWM method 8.6% 2.4%
Proposed PWM method 5.7% 1.6%
10T — o
IGBT 1
0.5+
0.0
ol — IGBT 2
0.5 ‘
0.0
1.0
0.5 . .
0.0
0.5 ‘
0. () et i T :
40.00 40.01 40.02 40.03 40.04

Fig. 15 Drive signals for the IGBTSs in the eight regions.

model the thermal behavior of the IGBT (IKW20N60T), ther-
mal grease, and heatsink. As shown in Fig. 14(a) and (b), for
IKW20NG60T, the transient thermal impedance of both the IGBT
chip and diode chip from-junction-to-case Z.s and Z;.q can be
represented by a four-layer Cauer thermal network, where the
thermal resistance and capacitance (RC) parameters for each
layer are provided by the datasheet. For thermal grease and
heatsink, the transient thermal impedance from-case-to-heatsink
Z.p, and that from-heatsink-to-ambient 7, are both equivalent
to a one-layer Cauer thermal network. Finally, the junction
temperature 7% and T4 of the IGBT chip and diode chip are
connected to the ambient temperature 7, of 25 °C through a
six-layer RC thermal network, respectively. The RC parameters
for each layer are listed in Table I'V.

The validation process compares and analyzes the impacts
of the conventional PWM methods with a dead-time of 1.5
psand the proposed method without dead-time on the losses and
junction temperatures of IGBTs at these six operating points.
The total simulation time is set to 50 s for observing the complete
steady-state temperature profiles. The drive signals modulated
by the proposed method with a complete alternating cycle (from
40 to 40.04 s) are shown in Fig. 15, where it can be seen that
the proposed implementation strategy is capable of obtaining
mechanism type-A and type-B accurately for each IGBT, and
their alternation mode is consistent with that described in Sec-
tion IL.

Fig. 16 shows the input and output waveforms of the H-
bridge converter at the operating point 1 within this alternating
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Fig. 16  Input and output waveforms of the H-bridge converter. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c) Under the proposed PWM.
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Fig. 17 Conduction and switching losses of IKW20N60Ts at operating point 1. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c) Under the proposed
PWM.
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Fig. 18 Junction temperature profiles of IKW20N60Ts at operating point 1. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c) Under the proposed PWM.

cycle (the current ¢ is amplified by 5 times), where the THD
results corresponding to the reference voltage and input cur-
rent are shown in Table V. Obviously, the conventional PWM
methods distort the waveform of reference voltage, while the
proposed method improves the output quality of the H-bridge
converter.

Fig. 17 shows the conduction and switching losses distribution
of IKW20N60T at the operating point 1 under the conventional
and proposed modulation methods. Consistent with the results
of the theoretical losses analysis, the conduction and switching
losses of the switches and diodes under the proposed method
are equal, respectively, and the switching losses are only half
of those under the bipolar PWM method. For the unipolar-III

PWM method, the conduction and switching losses are always
nonuniform. By calculation, the power losses of an IGBT under
the bipolar PWM method has reached 10.4 W, while it is only 8
W under the proposed method, which is a 23% reduction.

Figs. 18 and 19 show the junction temperature profiles
and junction temperature fluctuations of IKW20N60T chip at
the operating point 1 under these three modulation methods,
respectively, where the junction temperatures enter steady state
after 30 s. It can be observed that the mean junction temperatures
of the devices under the bipolar PWM method reaches 67.8 °C
with a junction temperature fluctuations of 9.2 °C. In contrast,
the mean junction temperatures under the proposed method are
only 58.8 °C with a junction temperature fluctuations of 8.4 °C.
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TABLE VI
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LOSSES AND TEMPERATURES PERFORMANCE OF IKW20N60T AT OPERATING POINTS 1-4

L
40.05

40.06

Junction temperature fluctuations of IKW20N60Ts at operating point 1. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c) Under the proposed

Modulation methods IGBT losses Junction temperature range Mean junction temperature 7, Temperature fluctuations A7
Bipolar PWM 10.4W 63.2°C-72.4°C 67.8°C 9.2°C
. 11.6W 67.9°C-79.0°C 73.4°C 11.1°C
Unipolar-Il PWM 4.5W 41.4°C-47.8°C 44.6°C 6.4°C
Proposed PWM 8.0W 54.6°C-63.0°C 58.8°C 8.4°C
Modulation methods IGBT losses Junction temperature range Mean junction temperature 7, Temperature fluctuations A7}
Bipolar PWM 10.2W 59.2°C-67.3°C 63.3°C 8.1°C
. 11.4W 64.0°C-71.8°C 67.9°C 7.8°C
Unipolar-IT PWM 47W 40.6°C-42.6°C 41.6°C 2.0°C
Proposed PWM 7. TW 53.4°C-58.7°C 56.0°C 5.3°C
Modulation methods IGBT losses Junction temperature range Mean junction temperature 7, Temperature fluctuations A7}
Bipolar PWM 26.7TW 124.0°C-150.5°C 137.2°C 26.5°C
. 31.2W 140.8°C-175.0°C 157.9°C 34.2°C
Unipolar-Tl PWM 11.4W 67.0°C-84.0°C 75.5°C 17.0°C
Proposed PWM 21.0W 102.6°C-126.5°C 114.5°C 23.9°C
Modulation methods IGBT losses Junction temperature range Mean junction temperature 7, Temperature fluctuations A7}
Bipolar PWM 26.0W 118°C-136°C 127.0°C 18.0°C
. 32.7TW 134°C-156°C 145.0°C 22.0°C
Unipolar-Tl PWM 9.2W 60°C-69.6°C 64.8°C 9.6°C
Proposed PWM 20.5W 98.8°C-114°C 106.4°C 15.2°C

Meanwhile, the unipolar-IIl PWM method suffers the devices
from the issue of uneven junction temperature distribution,
which makes this method unsuitable for utility. Obviously, the
proposed method balances the junction temperature distribution
for all IGBTs compared with the unipolar-IIIl PWM method,
and reduces the mean junction temperature by 9 °C compared
with the bipolar PWM method without increasing the junction
temperature fluctuations. Furthermore, although the proposed
method currently lacks the ability to actively control junction
temperature fluctuations, the amplitude of junction temperature
fluctuation decreases as the mean junction temperature
reduces, thus smoothing the junction temperature fluctuations
passively.

Table VI summarizes the losses and junction temperature
information of IKW20N60T at operating points 1-4 based on
different modulation methods, where the power losses are re-
duced by 23%, 24.5%, 21.3%, and 21.1%, respectively, and also
the mean junction temperatures are reduced by 9, 7.3, 22.7,

Thermal
infrared imager

Fig.20  Laboratory prototype consisting of thermal infrared imager, H-bridge
converter, and DSP controller.
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Fig. 22 AC-side and dc-side waveforms of the H-bridge converter at operating point 2. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c¢) Under the

proposed PWM.

Fig. 23
Under the proposed PWM.

and 20.6 °C, respectively. These results demonstrate that the
proposed method has a general and significant effect on reducing
and balancing the losses and junction temperature of power
switching devices.

B. Method Validation Based on Laboratory Prototype

To further verify the effectiveness of the proposed method,
a laboratory prototype composed of thermal infrared imager,
H-bridge converter, and DSP controller is built, as shown in
Fig. 20. The IGBT devices and their corresponding operating
points adopted in the laboratory prototype are same as those
in the simulation model, where the IGBTSs are assembled with
identical heatsinks via thermal grease and heat dissipated by
air-cooling. Since the junction temperatures of the IGBTs are

+

IGBTg2.
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I1GBTgl

@3 O
4

!

Thermal images of the steady-state case temperature of IKW20N60Ts at operating point 1. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c)

unavailable to be measured, a thermal infrared imager is utilized
to measure and record their case temperature performances in
real-time.

Figs. 21 and 22 show the ac-side and dc-side waveforms of the
H-bridge converter at the operating points 1 and 2 based on the
conventional and proposed modulation methods, respectively.
As can be seen, the proposed method not only inherently
avoids the issue of bridge shoot-through, but also effectively
guarantees the output quality of the H-bridge converter, which
is not achieved by the conventional PWM methods.

Figs. 23 and 24 show the steady-state case temperatures of
IKW20N60Ts corresponding to the operating points 1 and 2,
respectively. In agreement with the theoretical losses analy-
sis results and simulation results, all the IGBTSs can obtain a
lower (compared to bipolar method) and balanced (compared to
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Fig. 24  Thermal images of the steady-state case temperature of IKW20N60Ts
Under the proposed PWM.
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Fig. 25 AC-side and dc-side waveforms of the H-bridge converter at operating point 3. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c) Under the
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Fig. 26 AC-side and dc-side waveforms of the H-bridge converter at operatin
proposed PWM.

unipolar method) temperature performance under the proposed
modulation method.

For IKW20N60Ts at operating point 1, the proposed method
results in a mean case temperature of 55.1 °C, which is about
5.4 °C lower than the mean case temperature of 60.5 °C under
the bipolar method.

For IKW20N60Ts at operating point 2, the proposed method
results in a mean case temperature of 53.8 °C, which is about
5.1 °C lower than the mean case temperature of 58.9 °C under
the bipolar method.

Likewise, Figs. 25 and 26 show the ac-side and dc-side
waveforms of the H-bridge converter at the operating points 3
and 4, as well as Figs. 27 and 28 show the corresponding case
temperatures of IKW20N60Ts.

For IKW20N60Ts at operating point 3, the proposed method
results in a mean case temperature of 70.9 °C, which is about
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g point 4. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c) Under the

6.8 °C lower than the mean case temperature of 77.7 °C under
the bipolar method.

For IKW20N60Ts at operating point 4, the proposed method
results in a mean case temperature of 69.2 °C, which is about
7.3 °C lower than the mean case temperature of 76.5 °C under
the bipolar method.

In addition, the case temperatures of IGBT 1 and 3 are
significantly higher than those of IGBT 2 and 4 under the
unipolar-III method, which makes this method unsuitable for
application. Obviously, compared with the conventional mod-
ulation methods, the proposed modulation method effectively
reduces and evenly distributes the case temperatures of the
IGBTs, which not only balances and minimizes the losses
and temperature rise of the IGBTs, but also further increases
the power density of the H-bridge converter by downsizing
the heatsink.
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Fig. 27 Thermal images of the steady-state case temperature of IKW20N60Ts at operating point 3. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c)

Under the proposed PWM.
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Fig. 28 Thermal images of the steady-state case temperature of IKW20N60Ts at operating point 4. (a) Under bipolar PWM. (b) Under unipolar-III PWM. (c)

Under the proposed PWM.

V. CONCLUSION

To address the temperature rise and thermal control issues
of power devices in H-bridge converters under conventional
PWM methods, this article proposes a novel PWM method
for the H-bridge converter with temperature rise balancing and
minimization based on periodically alternating employment of
power devices. In the proposed method, two novel operation
mechanisms of power devices are alternately applied into the
eight regions in two fundamental frequency periods. Among
them, mechanism type-A is applied to four of the eight regions,
where the reference voltage and input current have identical
polarities, while mechanism type-B is applied to another four
regions, where the reference voltage and input current have
opposite polarities. During the entire operation period, all the
power devices in H-bridge converters are made to work alter-
nately in the eight regions, each of them is designed to keep in
ON-state in one region, operate in switching state in another two
regions, and do not work in the left other five regions. By this
way, the power dissipation and temperature rise of all the devices
are balanced and minimized, and H-bridge converters no longer
suffer from the dead-time effect on the output quality and dc-bus
voltage utilization. In this article, not only the novel mechanisms
in the proposed method is described in detail, but also the losses
and temperature performance of power switching devices under
the conventional and proposed PWM methods are analyzed and
compared. Simulation and experimental results have verified the

feasibility and effectiveness of the proposed method at different
operating points.
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