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Abstract—This paper proposes a heuristic method to
improve power cycling related lifetime in series connectable
modular full-bridge inverters by means of load sharing.
The load sharing scheme is realized by continuous alter-
nation between two possible series configurations of the
circuit at a heuristically-determined changeover frequency.
Simulation results in the single-phase circuit are included,
and the switches lifetime performance are compared with
the reference cases. It is evident from the results that this
method yields increased switches lifetime. Alternatively, it
allows more current to be applied to the circuit for the
same switches average junction temperature.

Keywords—thermal swing, junction temperature, series
connectable modular full-bridge inverter, losses, series con-
figuration, changeover frequency.

I. INTRODUCTION

In the recent years there has been growing interest in
the development of electric vehicles. This includes the
attention to the electric motor topologies development,
namely dc motor, induction motor, permanent magnet
synchronous motor, and synchronous reluctance motor
[1]. Inseparable to the motor topologies are the power
electronics circuits used for the drive system, which were
also considered in [2] [3].

One of the major challenges in electric vehicle
development is its reliability, especially in the power
electronics circuit, since a malfunction in the power
electronics device may prevent the vehicle to operate.
Thus, several investigations have been done to assess
the lifetime of semiconductor switches subjected to an
electric vehicles mission-profile [4] [5]. It should be
noted that the reliability and lifetime issue addressed
throughout this paper is only concerned with the power
cycling related failure and not the catastrophic failure.

The Coffin-Manson power cycle related lifetime
model used in [6] indicates that the lifetime of the

switch depends on its thermal swing and average junction
temperature. The effect of the former is more apparent
than the latter. Thus, several methods have been proposed
to reduce the thermal swing of the switches. The first
method uses active gate-driver as discussed in [7]. There,
the gate voltage is adjusted to achieve near constant
power losses independent of the current and this results
in a thermal swing reduction. However, it yields a higher
average junction temperature, therefore making the over-
all system less efficient. This method also requires a
custom gate driver circuit, which will further complicate
the implementation, especially in an inverter topology
that has many switches. A different active gate-driving
method discussed in [8] uses gate resistance variation
to manipulate the switch losses, and in [9] combined
with PWM frequency variation, which in turn produces
less thermal swing. However, this method also requires a
custom gate driver circuit implementation and influences
the current ripple profile.

Another method also revolves around losses manip-
ulation as it is directly correlated to the thermal swing
profile. A commonly used method is switching frequency
adjustment as was done in [10]. The idea is to decrease
the switching frequency linearly based on the power
increase. However the same problem occurs – thermal
swing is reduced but the average junction temperature
rises and the current ripple is varied. Therefore, in
this paper a different approach is considered to achieve
longer lifetime without increasing the average junction
temperature.

The most straightforward method to reduce the av-
erage junction temperature is by means of load sharing.
However, this is only possible in an inverter topology that
meets a certain degree of redundancy, i.e. full redundancy
in all phases. Unfortunately, this is not the case in most
of the inverter topologies for electric drive application.



A review of fault-tolerant three-phase inverters for motor
drive applications was included in [11]. In that review
there is no inverter topology that meets the full re-
dundancy requirement – single phase redundancy is the
highest degree of redundancy that can be achieved.

The series connectable modular full-bridge inverter,
first introduced in [12] and later elaborated more in [13]
for driving a six-phase open-winding surface mounted
permanent magnet synchronous motor [14], turned out
to be able to be implemented with the load sharing
scheme in order to reduce the average junction temper-
ature. The windings can be connected either in series
or driven independently by connecting/disconnecting the
series switch in the circuit. In [15] the addition of an extra
series switch and a new reconfiguration protocol between
series and independent connection of the windings based
on modulation index were proposed. The addition of an
extra series switch results in the single-phase circuit of
the series connectable modular full-bridge inverter as
shown in Fig. 1a, where the index "n" denotes phase
a, b, or c. Machine windings are modeled by resistance
(Rn1 and Rn2), inductance (Ln1 and Ln2), and back EMF
(EMFn1 and EMFn2).

In Fig. 1, it is shown that for the series mode, two
possible configurations exist. The first configuration is
called series configuration 1 by using main switches
Sn1, Sn2, Sn7, Sn8, and series switch Ssn1 (Fig. 1b). The
second configuration is called series configuration 2 by
using main switches Sn3, Sn4, Sn5, Sn6, and series switch
Ssn2 (Fig. 1c). The changeover frequency between these
two configurations can be optimized to reduce the main
switches thermal swing, thereby increasing its lifetime
performance.

This paper proposes a method of utilizing the circuit
redundancy to achieve longer main switches lifetime.
While alternation between the two series configurations
is used to achieve a lower average junction temperature,
its changeover frequency is optimized to reduce the ther-
mal swing. The changeover frequency follows a linear
relationship to the electrical frequency, which is obtained
by using linear regression based on several sample points.
This results in increased main switches lifetime or allows
more current to be applied to the circuit for the same
average junction temperature profile.

The remainder of this paper is organized as follows:
section II describes the single-phase circuit of the series
connectable modular full-bridge inverter and reviews
the novel winding reconfiguration protocol introduced
in [15] for clarity. In section III, the power losses and
thermal model of the circuit are addressed. Section IV
describes the lifetime model that is used to verify the
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Figure 1: (a) Single-phase Series Connectable Modular
Full-Bridge Inverter. (b) Series Configuration 1. (c)

Series Configuration 2. (d) Independent Configuration

effectiveness of the heuristic method proposed to achieve
longer lifetime. Section V explains the heuristic method
used to achieve reduced average junction temperature and
thermal swing, which results in longer switches lifetime.
Simulation results are included in section VI, providing
the argument that not only the method will increase
the lifetime of the switches, but alternatively it also
allows more current to be applied to the circuit when the
same average junction temperature is being considered.
Drawbacks of the proposed method are also pointed
out. Remarks on the changeover frequency determination
in series-independent configuration are pointed out to
further optimize the proposed heuristic method. Finally,
in section VII the conclusion of the research and some
remarks are addressed.



II. SINGLE-PHASE SERIES CONNECTABLE

MODULAR FULL-BRIDGE INVERTER

Fig. 1a depicts the single-phase circuit of the series
connectable modular full-bridge inverter investigated in
this paper. The windings can be connected in series
manner by utilizing the series configuration 1 switches
group (Fig. 1b) or series configuration 2 switches group
(Fig. 1c). When being operated in independent mode,
the series switches are opened and all the eight main
switches (Sn1-Sn8) are operated to drive the two windings
independently from each other (Fig. 1d). It should be
noted that the required modulation index to achieve a
current value in independent mode is half of that of the
series mode. By switching from series to independent
mode the dc voltage can be utilized more, thus prolong-
ing the constant torque operating region.

In previous work (see [13]), the winding reconfig-
uration protocol from series to independent and vice-
versa was based on speed, where the modulation index
in independent mode is half of that in the series mode
(see Fig. 2). However, such a reconfiguration protocol
will not be used for it introduces unnecessary switching
losses. Instead, the reconfiguration protocol based on
modulation index as in [15] is used.

Fig. 3 depicts the reconfiguration protocol based
on modulation index. In this winding reconfiguration
protocol, when the absolute value of modulation index
exceeds one the windings are driven in independent
mode and the modulation index intended for this mode
is half of that in the series mode. After the absolute
value of the original modulation index falls below 1 (0.5
in independent mode), the windings are reconnected in
series manner and the original modulation index returns.
This way, the independent mode utilization is reduced,
thus reducing the switching loss. In the implementation,
hysteresis is used to avoid chattering between series and
independent mode. If the required speed/torque is low
enough, the modulation index will be low and the circuit
will be operated in all-time series mode, as shown in the
left side of Fig. 3.

III. LOSSES AND THERMAL MODEL

Modeling the power losses of the switches is essential
for predicting their lifetime. In the circuit used, the asso-
ciated losses are divided into: (1) main switch conduction
loss (pcond); (2) series switch conduction loss (pcond,ss);
(3) main switch switching loss (psw). Those losses are
formulated as follows:

pcond = vcondiS (1)

Figure 2: Winding Reconfiguration Based on Speed.

Figure 3: Winding Reconfiguration Based on
Modulation Index (Independent Mode is Marked with

Green Area).

pcond,ss = vcond,ssiS + vDiS (2)

psw = [Eon(iS) + Eoff(iS) + Err(iS)]fs (3)

where vcond is the on-state voltage of the switch, vD
is the body diode on-state voltage, fs is the switching
frequency, and Eon(iS), Eoff(iS), and Err(iS) are the
turn-on energy loss, turn-off energy loss, and the body
diode reverse recovery losses of the switch given the
switch current iS , respectively. Subscript ss is added
when the series switch is being considered instead of
the main switch.

However, as will be explained more thoroughly in
section V, the heuristic method proposed in this paper
includes alternation between two series configurations
at a heuristically-determined changeover frequency (fch).
The switching loss of the series switch that occurs during
each changeover process (psw,ss) is formulated as

psw,ss = [Eon,ss(iS) + Eoff,ss(iS) + Err,ss(iS)]fch (4)



and the switching loss of the main switch associated with
each changeover (psw,ch) is formulated as

psw,ch = [Eon(iS) + Eoff(iS) + Err(iS)]fch (5)

Note that the expression in (4) and (5) only holds true
in series mode. In independent mode, all the eight main
switches are being operated while the series switches
are left unused. Thus, no alternation can occur and
consequently psw,ss and psw,ch are zero.

As for the thermal network, a three-ladder Foster
network is used for the assumed ambient temperature
of 25◦C. The Foster networks RC parameters are shown
in Table I, whereas the transient thermal impedance data
of the switches used is depicted in Fig. 4.

i Rth−i (◦C/W) Cth−i (J/◦C)
1 0.0686 0.0139
2 0.0630 0.203
3 0.631 1.62

Table I: Foster Thermal Network Parameters of the
Switch from [16].

Figure 4: Transient Thermal Impedance Data of the
Switch from [16].

In the simulation results, thermal interfacing material
and heat sink thermal model are not taken into account.
The reason is to clarify the effect of the proposed
method to the lifetime of the switches without taking into
account the contribution of the passive heat exchanger
and to reach faster steady state junction temperature
value. However, it should be clear that when such a
method is applicable to a bare semiconductor switch,
it will perform similarly in the environment where the
switch is equipped with thermal interfacing material and
heat sink.

IV. SWITCHES LIFETIME MODEL

The lifetime of the switch is mainly affected by ther-
mal swing, average junction temperature, and constants

related to the switch package. In this paper, the same
constants as in [17] are used. From [6], the Coffin-
Manson lifetime model is formulated as follows

Nf = A · (∆TJ)
α · exp(

Ea
kB · TJ-avg

) (6)

where Nf is the number of cycles to failure of the switch,
A is a fitting constant (650790 K), α is a fitting constant (-
4.67), Ea is the activation energy (9.89 ·10−20 J), and kB
is the Boltzmann constant (1.38 ·10−23 J ·K−1). It should
be noted that although there are other lifetime models
as reviewed in [18], the lifetime prediction resulted by
the other models should be similar to the Coffin-Manson
model.

From (6), the time to failure (tfail), which indicates
the lifetime of the switch, is calculated as follows

tfail =
Nf

fthermal
(7)

with fthermal is the temperature cycle frequency.

The thermal swing of the switch is calculated as

∆TJ = PlossZth (8)

where ∆TJ is the thermal swing of the switch, Ploss is the
total loss of the switch, and Zth is the transient thermal
impedance of the switch (see Fig. 4 for an example).

V. HEURISTIC METHOD FOR REDUCED SWITCHES

AVERAGE JUNCTION TEMPERATURE AND THERMAL

SWING

It is shown in (8) that ∆TJ is a function of Ploss and
Zth. The notion behind this method is to continuously
alternate between two series configurations while the
circuit is running in series mode, enabling the power
cycle to be shared (thus reducing the pcond and psw in
a current cycle) and reducing the Zth by decreasing the
effective duty cycle.

It is seen from Fig. 5 that the modulation indexes
applied to series configuration 1 and series configuration
2 switches group are the result of AND logic between
the PWM signal (brown, Fig. 5) and the fch (green,
Fig. 5). As the fch intensifies, the duty cycle applied
to the main switches decreases. This results in a lower
value of Zth, as inferred from Fig. 4. It is seen that the
changeover process might introduce a pulse signal with
a small width. However, the signal width is still larger
than the switching time of the switch plus the dead time
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implemented, as long as the changeover frequency is
considerably lower than the carrier frequency.

However, careful consideration must be taken into
account about the optimum fch, that is, changeover
frequency which yields optimum lifetime performance as
calculated from (6) and (7). A more frequent changeover
indeed results in a lower Zth, but it also produces more
psw,ch (see (5)) that adds to the total loss of the main
switches. Moreover, in Fig. 4 it can also be seen that in
relatively small rectangular pulse duration the Zth value
flattens. Thus, at one point increasing the fch will no
longer necessarily result in a notable reduce of ∆TJ. In
fact, because of the increasing psw,ch, the ∆TJ starts to
rise.

Another issue to be addressed is that fch cannot
exceed fs, for it will highly distort the waveform gen-
erated due to the effect of dead time between each
transition from one series configuration into another. In
the circuit implementation, the selection of fch may also
be affected by the parasitic inductance of the series
switches connection (Ssn1 and Ssn2), as high fch might
introduce overvoltage during the series switch switching.
However, in this paper the effect of parasitic inductance
and dead time on the selection of the optimum fch is not
addressed.

The optimum fch depends on the electrical frequency
(fac). However, it is rather complicated to determine the
optimum fch for every fac since it will be an optimiza-
tion function of Ploss, Zth, modulation index, and the
current applied. Additionally, some of the parameters

are intercorrelated with each other. For instance, Eon is
a function of junction temperature, which in turn also
affects the junction temperature. To avoid the complexity
of computational effort with intercorrelated parameters,
a heuristic method is proposed instead.

The heuristic method procedure is detailed as follows:
first, one fac is run with several variations of fch. It is
expected that as the fch increases, the ∆TJ decreases
because of the shared stress and decreasing Zth – thus
increasing the Nf as in (6). However, as the fch further
increases, the psw,ch increases up to a point where it
compensates the pcond and psw decrease because of the
load sharing while the Zth flattens. This results in a
higher ∆TJ and thus begins to shorten the main switches
lifetime. The optimum fch is the one which results in
optimum tfail as calculated by using (7).

Second, the optimization procedure is executed for
another fac. It is expected to have higher fch for higher
fac. Finally, when enough data of fac and optimum fch is
obtained, an approximated relationship between fac and
fch is obtained by using linear regression.

Parameters Value
Voltage (V) 320V
Current (A) 100A

Switching Frequency (fs) 20kHz
Inductance 1mH
Resistance 0.1Ω

Table II: Circuit Parameters for the Single-phase Series
Connectable Modular Full-Bridge Inverter.
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Table II lists the inverter circuit parameters used as a
test bench, while the resulting relationship between fac

and optimum fch is depicted in Fig. 6. It is to be noted
that 100A is chosen as the reference case to obtain a
prominent effect on the temperature profile. However, it
should be clear that the method also works for lower cur-
rents. From several test points, the relationship between
fch and fac is estimated as fch=10fac+1456.

The heuristically-determined relationship between fch

and fac from Fig. 6 is used for the rest of this paper. Com-
parison with the reference cases, that is, no changeover
and changeover after a full current cycle, is highlighted
to see the effect of the method on switches lifetime
performance.

VI. SIMULATION RESULTS

A. Remarks on All-time Series Mode

Table III and Fig. 7 show the comparison of the main
and series switches temperature profile when:

• only one series configuration is used in the series
mode (no changeover),

• changeover from series configuration 1 to series
configuration 2 and vice versa occurs after a full
current cycle,

• changeover based on the heuristic relationship
between fac and fch.

It is to be noted that in this subsection all of the
simulations are done in all-time series mode.

It is shown that the full-cycle method provides better
TJ-avg value than the no changeover method. It is because
in full-cycle method, the current stress is shared between
two switches groups thus reducing the TJ-avg. However,
the ∆TJ rises because in the period of one switches
group inactivity after a full current cycle, the switches
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Figure 7: Thermal Swing Profile of the Main and
Series Switches when (a) I=100A (b) I=75A (c) I=50A.

I (A) no changeover full-cycle heuristic
TJ-avg TJ-avg,ss TJ-avg TJ-avg,ss TJ-avg TJ-avg,ss

100 55 42 40 34 42 44
75 46 36 36 31 37 38
50 36 32 31 28 32 32

Table III: Average Junction Temperature of the Main
and Series Switches (Temperature Results are Shown in

◦C).

temperature starts to drop before being reactivated in the
next cycle.

The heuristic method turns out to be able to pro-
vide less ∆TJ and reduced TJ-avg compared to the no
changeover method because of the shared pcond, psw, and
decreased Zth. A slight increase in TJ-avg compared to
the full-cycle method is expected because of the effect
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Figure 8: Main Switches Lifetime for (a) I=100A (b)
I=75A (c) I=50A.

of psw,ch. A more apparent effect of fch on the TJ-avg

occurs in the series switches. This is because in the
no changeover method no psw,ss occurs and in the full-
cycle method the fch is half of the fac, which yields a
very low psw,ss. A steep increase of fch in the heuristic
method introduces extra psw,ss in the series switches
which increases the TJ-avg.

By using (6) and (7) and the switches thermal perfor-
mance from Table III and Fig. 7, the lifetime performance
of the switches is predicted, as seen in Fig. 8 (main
switches) and Fig. 9 (series switches). It is evident from
Fig. 8 that by using the heuristic method, the main
switches lifetime increases by a factor of >10 in all cases.
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Figure 9: Series Switches Lifetime for (a) I=100A (b)
I=75A (c) I=50A.

This proves the effectiveness of the method to increase
the main switches lifetime performance.

The reader should be aware of the effect of heuristic
method on the lifetime of the series switches, as seen in
Fig. 9. As the fac increases, the difference between the
series switches fch of the no changeover and heuristic
method also increases. This introduces extra psw,ss (see
(4)), which in turn affects its lifetime. In this paper, the
size of the series switches and the main switches are
identical. Therefore, the overall lifetime of the series
switches are still longer than the main switches because
the thermal stress on the series switches is less than
that of the main switches. However, if the thermal



performance of the series switches were to be degraded
for economical reason, the effect of the heuristic method
on the lifetime of the degraded series switches and its
lifetime comparison to the lifetime of the main switches
must be considered.

As seen in Table III, the heuristic method turns out
to be able to reduce the TJ-avg compared to the no
changeover method. While in one way it means that the
lifetime of the switches is increased, it also means that
for the same average junction temperature profile more
current can be applied to the circuit. This is seen in Table
IV:

Current (A) TJ-avg, no changeover (◦C) TJ-avg, heuristic (◦C)
100 55 42
133 74 55

Table IV: Average Junction Temperature of the Main
Switches (fac=300Hz).

For fac=300Hz, it is seen that the heuristic method allows
the main switches to achieve 33% higher current with the
same TJ-avg. This is crucial in electric vehicle application
because it means that more torque can be applied to the
motor without exceeding the junction temperature limit
of the switches.

B. Remarks on Series-Independent Mode

In the independent mode, all the main switches are
operated and the series switches are left idle. This
means that in the independent mode no changeover can
occur. As the required modulation index goes higher, the
independent mode duration is prolonged. Thus, there is
less available space for the changeover scheme.

The series-independent mode raises a question as to
whether the fch should continue to follow the linear
relationship to fac (knowing that as the fac grows there
will be less space for changeover) or hold the fch constant
at fac equals to the highest frequency achieved in all-time
series mode. In the simulation, the series-independent
mode begins approximately at fac=350Hz. Thus, the fch

is held constant at fac below 350Hz. fac=325Hz is chosen
in this case, resulting in constant fch of 4706Hz.

Fig. 10 depicts the main switches lifetime perfor-
mance when a linear relationship between fac and fch

is being maintained (red line) and when the fch is being
held constant at 4706Hz after fac reaches 350Hz (blue
line). It is seen that when the fch is held constant
in the series-independent mode, it provides a longer
main switches lifetime performance compared to when
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Figure 10: Main Switches Lifetime in
Series-Independent Mode.

the linear relationship is being maintained in series-
independent mode. This is because in series-independent
mode, as stated previously, the series mode duration
is shorter because of the introduction of independent
mode. This provides less space for the heuristic method
to optimize by constant alternation between two series
configurations. Another point to be highlighted is that
the fch rises (which results in higher psw,ch) while the
Zth does not decrease significantly because of the shorter
series configuration duration.

Thus, in series-independent mode, it is more prefer-
able to hold the fch constant. It is pertinent to know
in which fac the series-independent mode begins. This
allows one to keep in mind up to which point the linear
relationship between fac and fch should be maintained.

VII. CONCLUSION

This paper proposes a heuristic method to reduce both
the thermal swing and average junction temperature in
a series connectable modular full-bridge inverter. The
results show that the proposed method leads to a longer
lifetime of the main switches. However, the method also
shortens the lifetime of the series switches because of
the switching losses resulting from the relatively high
changeover frequency compared to the electrical fre-
quency. Because of the reduced average junction temper-
ature, the main switches can be subjected to more current
for the same value of average junction temperature. A
33% increase in current is indicated by the simulation
results. In series-independent mode it is shown that
keeping the changeover frequency constant is preferable
rather than following the linear regression pattern, due to
the method is no longer as effective as it was in all-time
series mode.
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