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RMS Current Balancing of Parallel SiC Bridge Arms
Based on a Rotational Rest Control Strategy

Ruihao Song , Member, IEEE, Guangze Chen , Student Member, IEEE, Zhenbin Zhang , Senior Member, IEEE,
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Abstract—Silicon carbide MOSFETs face challenges due to ON-
resistance variability, leading to an imbalanced rms current dis-
tribution among parallel converter bridge arms. To address this
imbalance, both passive and active methods have previously been
reported. However, passive methods are often costly and offer
little flexibility in adjusting the balancing ratio, whereas existing
active methods either rely on expensive customized gate drivers
or interfere with the primary control loop. In this article, we
proposed an active method for arm-level rms current balancing
based on a rotational rest control strategy. The proposed method
reduces hardware costs by using only standard gate drivers and is
decoupled from the primary control loop. Simulation and experi-
mental results demonstrate that the proposed method achieves high
balancing accuracy in various numbers of arms and maintains a
rapid balancing response.

Index Terms—Consensus control, current balancing, parallel
operation, silicon carbide (SiC).

I. INTRODUCTION

S ILICON carbide (SiC) MOSFETs are promising alternatives
to silicon (Si) IGBTs for low-voltage high-power converters

due to their significantly lower switching losses and higher
switching frequency capabilities [1], [2], [3]. These charac-
teristics lead to performance improvements, such as higher
overall efficiency and lower total harmonic distortion (THD).
However, the production of SiC substrates and epitaxial layers
faces challenges due to defects, such as micropipes, dislocations,
and stacking faults [4]. These manufacturing imperfections lead
to significant inconsistencies in the critical parameters of SiC
MOSFETs, such as the threshold voltage and the ON-resistance,
causing an imbalanced current distribution between parallel
arms [5]. In addition, as a result of thermal management and
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space optimization, it is possible that the converter has an
asymmetric power circuit layout and length mismatches in the
power cables, introducing parasitic parameter inconsistencies
that further degrade the current balancing in parallel arms.

For low-voltage applications with a device breakdown voltage
around 1200 V, economically priced, high-current Si IGBTs
have been widely supplied by manufacturers, largely mitigating
the need for parallel-arm topologies. In contrast, although com-
mercially mass-produced SiC MOSFETs can also reach 1200 V in
terms of breakdown voltage [6], their current-carrying capability
is comparatively limited for the same price. High-current or
high-voltage SiC MOSFETs are still too costly for widespread
commercial use, thereby motivating the adoption of parallel
topologies [7], [8], [9]. As a result of manufacturing difficul-
ties, the parameter inconsistency for SiC MOSFETs is generally
greater than that of Si IGBTs, causing more severe balancing
issues. With the production of 1200 V SiC MOSFETs becoming
increasingly mature, the cost of regular rating switches (e.g.,
30 mΩ and 30–50 A) is no longer the dominant component of
converter hardware expenses. However, the cost associated with
current and thermal balancing processes remains high.

The imbalance of currents in parallel arms can be catego-
rized into two types: dynamic and static imbalances [10]. The
dynamic current imbalance is mainly caused by mismatched
threshold voltages, but also differences in ON-resistances [11].
This issue results in uncoordinated switching and short-term
current stress spikes, raising transient safety concerns [12].
Comparatively, the static current imbalance is mainly due to mis-
matched ON-resistances, leading to heat generation imbalances,
long-term junction temperature differences, and eventually to
the asynchronous aging of SiC MOSFETs [6]. Together, these
imbalance issues damage the reliability and lifespan of SiC
MOSFET-based converters and pose significant challenges to
long-life equipment, such as battery energy storage systems,
electric vehicles, and renewable energy sources [13]. As potting
with thermal conductive gels becomes increasingly adopted
in mature products for thermal management, replacement of
individual MOSFETs becomes extremely difficult, let alone the
challenge of performing frequent maintenance across a large
number of deployed products.

In this article, our focus is on the static current (rms) imbalance
issue in parallel arms composed of SiC MOSFETs. Existing rms
current balancing methods for parallel arms can be categorized
into passive and active methods. Passive methods generally
focus on parameter screening, ancillary components, and layout
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optimizations. Zhao et al. [14] proposed a min–max fit criterion
for the screening of ON-resistance, taking temperature drift into
the screening to improve accuracy. Although screening methods
are widely adopted in industrial applications, they inevitably
increase production costs and introduce quality control chal-
lenges in commercial mass production. Furthermore, screening
methods cannot compensate for parameter mismatches caused
by asymmetric layouts and cable length variations. The method
of adding coupled inductors in parallel arms is discussed in [15]
and [16]. Unlike dynamic current balancing, where the induced
inductance diminishes after the switching transient, the use of
coupled inductors for rms current balancing results in persis-
tent induced inductance during steady states, which leads to
elevated switch-OFF voltage spikes. Besides, this method is not
expand-friendly as the design complexity of coupled inductors
increases significantly with the number of parallel arms. Lin
et al. [17] suggested that the rms current imbalance can be miti-
gated by adjusting the inductance of the power cables. Although
mathematically possible, this method is parameter-sensitive and
time-consuming in real-world applications. Another method
of adjusting the inductance of bus bars through a laminated
structure is proposed in [18], which faces challenges similar to
the former method. In [19], a circuit layout optimization method
was proposed for rms current balancing through simulations
in Maxwell3D, but this method is useful only after modeling
the converter geometry and electrical behaviors, which can be
difficult in reality.

Whereas passive methods operate without corrective inter-
vention for different operating conditions, active methods im-
plement feedback-controlled regulation to balance the arm rms
currents and gain control over the balancing ratio. Multilevel
active gate drivers (AGD) for rms current balancing were dis-
cussed in [20] and [21]. By modulating the ON-time of each
voltage level, rms current balancing can be achieved, albeit at
the cost of increased gate driver complexity and expenses for the
additional MOS switches used. Continuous control AGDs are
proposed in [22] and [23], where gate voltages are modulated
by pulsewidth modulation (PWM) of two fixed voltage rails. The
rms current balancing issue can also be solved by a dedicated
control loop in the converter controller rather than the gate driver.
Siri et al. [24] proposed leader-follower control and the authors
in [25], [26], and [27] proposed uniform reference control struc-
tures for rms current balancing. Both methods derive compen-
sation signals proportional to the measured current imbalance
in each arm, and subsequently integrate these compensation
signals into the modulation references of the primary control
loop. Although this method eliminates hardware modifications
like in AGD methods and offers a rapid balancing response,
its current balancing loop is coupled to the primary control
loop, allowing oscillations and noise from the current balancing
control loop to affect the stability and reliability of the primary
control functions.

The literature review identifies significant limitations in both
passive and active rms current balancing methods for industrial
applications. To bridge this gap, an ideal balancing method for
low-voltage SiC converters should address three requirements
simultaneously: 1) a decoupled control structure to prevent
interfering the primary control loop; 2) optimized costs and

complexity for commercial mass production; 3) flexible balanc-
ing ratios and rapid transient response to adapt the modulation
speed of low-voltage converters. In this article, we proposed
a method to achieve active arm-level rms current balancing
through a rotational rest control strategy. The rest periods of
individual arms are dynamically modulated using a PI-based
consensus control algorithm [28], [29], which is widely used
in navigation of swarm robotics, state-of-the-charge balancing
of batteries, and microgrid control. By constructing a specific
rest sequence, precise and flexible rms current balancing can be
achieved for parallel arms. Compared with the existing methods,
the proposed method leads to the following main contributions.

1) The proposed method is decoupled from the primary
control loop while maintaining rapid balancing response,
guaranteeing uncompromised voltage/current regulation
capability at the point of common coupling (PCC)—even
under unstable conditions in the balancing control loop.

2) The proposed method provides active rms current balanc-
ing with programmable balancing ratios using industrial
standard gate drivers, while the associated hardware costs
and induced losses scale inversely with the number of
parallel arms.

The rest of this article is organized as follows. Section II
provides the theoretical details of the proposed method. Section
III presents simulation results to evaluate the improvement of
the proposed method. Section IV contains experimental results
to verify the real-world performance of the proposed method.
Finally, Section V concludes this article.

II. PROPOSED METHOD

In this article, we select the two-level parallel arm inverter
topology (see Fig. 1) commonly employed in low-voltage SiC
MOSFET-based applications as an example. The presented par-
alleling topology is functionally equivalent to switch-level par-
alleling at each switching position, provided that consistency
within each arm is maintained. It adopts a different wiring
configuration to reduce the number of current sensors, as the
control focuses solely on arm-level current balancing. In this
article, we assumed that the ON-resistance difference between
the upper and lower MOSFETs in any arm is negligible (≤5%). A
larger mismatch results in an increased harmonic distortion and
the emergence of a dc component in the arm currents, thereby
reducing the balancing capability of the proposed method in
terms of the maximum allowable mismatch to achieve full
current balancing.

To enable the rotational rest mechanism while preventing
arm overload, a redundant arm is introduced into the parallel
group, whose structure is identical to the existing ones. With the
redundant arm, the proposed control strategy can temporarily
deactivate one of the parallel arms for rms current regulation, as
demonstrated in Fig. 2, and periodically rotate the rest condition
among all parallel arms, as illustrated in Fig. 3 for a 3+1 parallel
group, where Tr1−4 are the rest periods and Tc is the rotation cy-
cle. By enforcing a strict rotational rest sequence and regulating
the rest periods of all parallel arms, rms current balancing can be
achieved while ensuring uninterrupted voltage/current control
at the PCC. The default balancing ratio is set to unity (1:1:...:1)
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Fig. 1. Common two-level, four-parallel-arm, and SiC MOSFET-based inverter topology in low-voltage systems under synchronized switching control and the
proposed rotational rest control.

Fig. 2. Simple demonstration of the rms regulation mechanism used by the
proposed method.

Fig. 3. Illustration of the proposed rotational rest mechanism.

across all parallel arms, though it can be adjusted as needed. The
proposed rotational rest control method is compared with other
mainstream balancing methods in Table I for a 100 kW inverter
scenario. From the table, the proposed method provides a fast
balancing response, programmable current-sharing ratios, and
robust PCC power quality and stability, while requiring only a
modest additional hardware cost and PCB space. It overcomes
the key limitations of the modulation signal intervention method
while requiring significantly less hardware cost than AGD
methods.

The theoretical details of the proposed method are introduced
in the following three subsections.

1) Section II-A involves describing the concept and charac-
teristics of rotational rest control and deriving the base
vector of rest periods for parallel arms based on the
ON-resistances of their constituent SiC MOSFETs at room
temperature.

2) Section II-B discusses the implementation challenges of
the proposed method, including transitional current surges
between rest periods, interference from freewheeling cur-
rent pulses during switching deadtimes, and junction tem-
perature variations caused by current cycling.

3) Section II-C presents a closed-loop control strategy
to regulate rest periods, ensuring a reliable conver-
gence of all arms’ rms currents to a uniform state (or
other programmed ratios) with arm currents as feedback
signals.

A. Rotational Rest Mechanism

With the traditional synchronized switching method, the mod-
ulation signals for all arms are identical within a given phase
of the three-phase inverter. If parasitic parameters are omitted,
the fundamental RMS current distribution (50 Hz component)
among all arms is given as follows:

Iai = It

1
Rai

1
Ra1

+ 1
Ra2

+ . . .+ 1
RaN

=
It
Rai

1∑N
j=1

1
Raj

(1)

where It is the total fundamental rms current of the parallel
group, and Iai and Rai are the fundamental rms current and
the ON-resistance of the ith arm, respectively. As previously
mentioned, this study assumes negligible parametric differences
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TABLE I
COMPARISON OF DIFFERENT OPTIONS FOR HANDLING RMS CURRENT IMBALANCE ON A 100 KW SIC MOSFET (±14% Rds MISMATCH) INVERTER

among MOSFETs within each arm, which means that the on-
resistance of each arm is considered equivalent to that of its
constituent MOSFETs.

Under the rotational rest control strategy, an arm’s current
is zero during its rest periods. However, when an arm is ac-
tive, its parallel peers change periodically as other arms en-
ter their respective rest periods in a sequence, as illustrated
in Fig. 3. Note that each time the parallel peers change, the
rms current distribution of the group changes. Therefore, the
calculation of the fundamental rms current of an individual
arm is rest period-based. Assuming the ith arm rests in period
Tri, the fundamental rms current of the ith arm Iai is given as
follows:

Iai =
1

Tc

N∑
k=1,k �=i

Iai,rkTrk (2)

where Iai,rk is the fundamental rms current of the ith arm during
the rest period Trk. Note that the resting arm in any rest period
has to be excluded from the calculation of the fundamental rms
current distribution, which results in the current distribution

given as follows:

Iai,rk =
It
Rai

1∑N
j=1,j �=k

1
Raj

, k �= i. (3)

Combining (2) and (3), we derive the representation of Iai as a
function of the vector of all rest periods �Tr ∈ RN×1 as follows:

Iai

(
�Tr

)
=

It
RaiTc

N∑
k=1,k �=i

Trk∑N
j=1,j �=k

1
Raj

(4)

�Tr = [Tr1, Tr2, . . . , TrN ]T . (5)

Once the mathematical relationships in (4) and (5) are estab-
lished, the subsequent task is to solve the optimal base vector
of the rest periods �T ∗

r ∈ RN×1. This is achieved by solving the
following:

�Ia
It

=
�1N
N

(6)

�1TN
�T ∗
r = Tc (7)

�Ia =
[
Ia1

(
�T ∗
r

)
, Ia2

(
�T ∗
r

)
, . . . , IaN

(
�T ∗
r

)]T
(8)
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(a) (b)

Fig. 4. General arm current waveform under different rotation cycles (peer
alternation effects not shown) (a) long cycle and (b) short cycle.

where �Ia ∈ RN×1 is a vector of fundamental rms currents of
all arms and �1N is a N -dimensional unit vector. The solution
to (6)–(8) is in p.u. of Tc, and therefore all rest periods are
determined after choosing an appropriate rotation cycle. The
rotation cycle substantially impacts the current waveform in each
arm, as evidenced in Fig. 4. Although a shorter rotation cycle
helps mitigate oscillations in rms current measurements and re-
lax subsequent filtering requirements, it also increases switching
losses and exacerbates the detrimental effect of rest-transition
deadtimes. These side-effects are explained later in this section
and Section II-B.

The cycling between the rest and active status of parallel
arms is controlled through a series of PWM signals gr1,2,...,N .
These PWM signals serve as triggers that determine whether to
propagate the primary control PWM signal vector for one phase
�gc ∈ B2×1 (two-level) to each individual arm. As a result, the
actual PWM signal vector that goes to the ith arm �gai ∈ B2×1

is obtained through the following:

�gai =

{
�02, gri = high
�gc, else.

(9)

The rotational rest control periodically interrupts the arm cur-
rent by disabling the arm MOSFETs, which inevitably increases
the THD of the arm currents, leading to an increase in conduction
losses of the parallel group. For simplicity, we assume that the
current level changes due to peer alternations are neglected. The
true rms current of the ith arm Iai, accounting for all harmonics,
is therefore given as follows:

Iai =

√√√√ 1

Tg

∫ Tg

(
1−Tri

Tc

)

0

[
Kisin

(
2π

Tg
t

)]2
dt

≈ Ki√
2

√
1− Tri

Tc
, ∀Tc 	 Tg (10)

where Ki is the current amplitude of the ith arm and Tg is
the nominal power period (20 ms). With the proposed method,
consider Ia1 = Ia2 = . . . IaN in steady states, which leads to
the relationship given as follows:

Ki

K1
=

√
Tc − Tr1

Tc − Tri
= αi (11)

where αi is an intermediate ratio variable. In addition, the
fundamental rms current of the ith arm is given as follows:

Iai =
Ki√
2

(
1− Tri

Tc

)
. (12)

The conduction loss increment in the parallel group, ΔPcl,
introduced by the proposed method, is determined by the square
of the current increment, as expressed in p.u. as follows:

ΔPcl =

(∑N
i=1 Iai∑N
i=1 Iai

)2

-1 =

⎛
⎝ N

√
1− Tr1

Tc∑N
i=1 αi

(
1− Tri

Tc

)
⎞
⎠

2

-1. (13)

The numerical solutions of ΔPcl show that the distribution
of Tr1,2,...,N imposes a minor effect on ΔPcl and the dominant
factor is N . For example, if there are 4, 6, and 8 parallel arms,
true rms current increment roughly equals 15%, 9%, and 7%,
and therefore ΔPcl equals 34%, 19%, and 14%, respectively,
indicating that ΔPcl decreases as N increases. This also causes
the current rating requirements for SiC MOSFETs to differ from
those under traditional synchronized switching control. Taking
into account the specific characteristics of the rotational rest
control, the new minimum required current rating per arm, de-
noted as Iprp

MOS, can be estimated using the empirical relationship
provided as follows:

Iprp
MOS =

Smax

3NVg

(
1 +

0.809

N1.182

)
(14)

where Smax is the maximum apparent power of the inverter and
Vg is the grid voltage in rms. Note that in practical applications,
an additional 10%–15% redundancy margin should be ensured
on top of Iprp

MOS.
The proposed method alters the switching pattern, thereby

affecting the overall switching loss as well. For a total number
ofN parallel arms, the synchronized switching method continu-
ously switchesN arms, while the proposed method continuously
switches only N − 1 arms. This leads to a difference in the
magnitude of the switching current between the two methods.
As a result, the switching energies of active MOSFETs under
the proposed method must be scaled up from the values of the
synchronized switching method (Econ

on,off, benchmark). Moreover,
although the resting arm remains OFF in the proposed method, its
MOSFET still contributes an effective output capacitance, Coss.
Consequently, the total output capacitance in the parallel group
that must be charged and discharged during each switching tran-
sient remains NCoss. This implies that even though only N − 1
arms are actively switched, an additional output capacitance
loss (Eoss) from the resting arm must still be accounted for.
Note that Eoss losses of the active arms are already included in
their Eon,off. Assuming that the switching energies are linearly
proportional to the drain current according to the datasheet, the
average turn-ON and turn-OFF energies per MOSFET under the
proposed method, Eprp

on,off, are given as follows:

Eprp
on,off =

(N − 1)Econ
on,off

It/(N−1)
It/N

+ Eoss

N − 1

=
NEcon

on,off + Eoss

N − 1
. (15)
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(a) (b)

Fig. 5. Illustration of the rest-transition deadtime between rest periods (a)
without any deadtime and (b) with a suitable deadtime.

In addition, at each transition between rest periods, the pre-
viously resting arm is activated while the preresting arm is
deactivated. This action introduces one set of extra turn-ON and
turn-OFF energy losses per transition between rest periods, which
should be counted in the total switching loss. Combining all
mentioned effects, the total switching loss increment caused by
the proposed method in p.u., ΔPsl, is as follows:

ΔPsl =

(N − 1)(Eprp
on +Eprp

off )

Tsw
+

N(Eprp
on +Eprp

off )

Tc

N(Econ
on +Econ

off )

Tsw

− 1

=
NTsw

Tc(N − 1)
+

2Eoss

N(Econ
on +Econ

off )

(
NTsw

Tc(N − 1)
+1

)
(16)

where Tsw is the switching period of the MOSFETs. Since SiC
MOSFET inverters typically switch between 50 and 100 kHz [30],
[31], [32], [33], we consider a Tsw of 1/80 kHz and a Tc of 2
ms. Using a commercial SiC MOSFETmodule (C3M0032120K)
as an example, with a dc-bus voltage of 800 V, a benchmark
switching current of 40 A per MOSFET, the datasheet specifies
switching energies of Econ

on (367 μJ), Econ
off (123 μJ), and Eoss

(55 μJ). Under these conditions, for 4, 6, and 8 parallel arms, the
corresponding ΔPsl are approximately 6.5%, 4.5%, and 3.5%,
respectively, indicating that ΔPsl decreases as N increases.

B. Implementation Challenges

For each transition between rest periods, it is imperative
that the previously resting arm is reactivated slightly prior to
the deactivation of the preresting arm. If this is violated, the
parallel group temporarily loses two of its current-sharing arms,
as illustrated in the over current region of Fig. 5(a). Such a
condition leads to a redistribution of the total load current among
a reduced number of active arms, resulting in current surges in all
remaining arms. The induced instantaneous current surge ratio
β is given as follows:

β =
N − 1

N − 2
. (17)

According to (17), β decreases as N increases (N ≥ 3).

To alleviate these current surges, it is essential to implement
dead times in each transition between rest periods, as illustrated
in Fig. 5(b). This rest-transition deadtime should be sufficiently
long to allow the current of the reactivated arm to approach its
full activation level, but not excessively long to significantly
compromise the rotational rest sequence. The fundamental rms
current of the previously resting arm during the reactivation
process is given as follows:

Iai(t) = Iai,r(i+1)

(
1− e

−Rai

Lai
t
)

(18)

where Lai is the total parasitic inductance within the ith arm.
From (18), we can write the theoretical minimum requirement
of the rest-transition deadtime T rtr

d as follows:

T rtr
d ≥ −Laln(1− γ)

Ra

(19)

where γ is the desired percentage of current rising and La

and Ra are average parameters for all parallel arms. As the
implementation of T rtr

d slightly compromises the rest sequence,
the T rtr

d /Tc ratio should be tuned to balance the control accuracy
and the surge magnitude. An suggestion of experiences for
selecting T rtr

d is 0.5-1% of Tc.
During the calculation of T rtr

d , we only considered the inertia
from arm parasitic inductance and assumed an ideal MOSFET

turn-ON time. However, if the switching frequency is not fast
enough, this turn-ON time may not be negligible. This delay
slows the current rise in the previously resting arm and effec-
tively forces an increase in rest-transition deadtimes to maintain
the intended performance. However, the increased deadtimes
must still remain within a certain fraction of the rotation cycle
period Tc to avoid a significant impact on the balancing accu-
racy. Therefore, the turn-ON time tolerance, which leads to an
estimation of the MOSFET switching period limit Tmax

sw , can be
calculated with (20) once Tc and T rtr

d are obtained

κTmax
sw =

εTc

N
− T rtr

d (20)

whereκ is the percentage of turn-ON time in the switching period
(typical ≤ 3%), and ε is the distortion percentage tolerance of
the rotation cycle (typical ≤ 5%).

Free-wheeling current pulse interference presents another
practical issue that impacts the balancing accuracy of the pro-
posed control strategy. This arises from the fact that the free-
wheeling diode is not controllable via the gate driver. During
switching deadtimes of MOSFETs, the diode in the resting arm
conducts a portion of the total free-wheeling current, as illus-
trated in Fig. 6(a). This introduces unintended interference in
the resting arm, which compromises the intended zero current
state. During positive (outward) half-cycles of the 50 Hz current,
this interference becomes high-frequency circulating current
pulses through the lower diode of the resting arm, as shown
in Fig. 6(b). This disturbance mechanism exhibits symmetric
behavior during negative (inward) half-cycles.

By examining the causes of circulating pulse interference in
a resting arm, it is evident that these pulses are the combination
of two asymmetric square waves if there is no arm inductance.
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(a) (b)

Fig. 6. Free-wheeling current flow in the parallel arm group while one arm is
in the rest mode: (a) total free-wheeling current flow and (b) circulating pulses.

Fig. 7. Content of the circulating current pulses.

This behavior can be attributed to the presence of two switching
deadtimes within each switching period, as shown in Fig. 7.
These asymmetric square waves exhibit a period equal to the
switching period and pulse widths determined by the fixed
switching deadtime. This causes the arm rms current to increase
in p.u. as follows:

ΔIai
Iai =

1

Iai

√√√√ 1

Tg

∫ Tg

Tsw

Tri

Tc
2T sw

d

0

[
Kisin

(
2π

Tg
t

)]2
dt

≈
√

2TriT sw
d

(Tc − Tri)Tsw
∀Tc 	 Tg (21)

where T sw
d is the switching deadtime of MOSFETs. If T sw

d 	 Tsw,
the interference from circulating pulses can be neglected.

The last practical challenge of the proposed method in-
volves the thermal impact of current cycling on the interior
of SiC MOSFETs. Because the rotational rest control periodi-
cally switches between the active and rest states, the MOSFET

junction undergoes repeated heating and cooling cycles, which
may potentially damage the bond wire integrity. To evaluate
the severity of this effect, we use a verified Cauer model
from [34] for a typical 1200 V/55 A discrete SiC MOSFET mod-
ule (APTMC120AM55CT1AG by Microsemi), as illustrated
in Fig. 8. The analysis considers a test scenario with a 50 ◦C
heatsink temperature, a switching current of 50 A during active
times, a 2 ms rotation cycle, and a 25% (Tc) rest period. Fig. 9
shows the calculated temperature variations on the SiC die,
revealing a temperature variation of 4.7 ◦C at a frequency of 500
Hz. The corresponding lifetime impact under this current cycling
fatigue can be estimated using the Coffin–Manson model [35],
and the results confirm that the proposed method introduces a
negligible impact on the lifetime of the SiC MOSFETs.

Fig. 8. Cauer model for a SiC MOSFET (APTMC120AM55CT1AG) [34].

Fig. 9. SiC MOSFET junction temperature variations due to rotational rest
mechanism.

C. Closed-Loop Regulation of Rest Periods

In Section II-A, �T ∗
r is calculated, but this vector only ensures

a high balancing accuracy for the fundamental rms currents. To
balance the harmonics induced by the rotational rest control
and accommodate varying operating conditions, closed-loop
regulation of all rest periods is required. As established in
Section II-A, all rest periods must occur sequentially with a
sum equal to the rotation cycle. Consequently, any modification
to one arm’s rest period necessitates equal compensations for all
other arms, as follows:

Tri = T ∗
ri +ΔTri −

N∑
j=1,j �=i

ΔTrj

N − 1
(22)

where ΔTri is the rest period regulation signal of the ith arm.
The real-time calculation of ΔTri is based on the feedback of
filtered true rms currents of parallel arms. In this article, we
adopt a PI-based consensus control algorithm to calculate ΔTri.
Consensus control is initially invented as a distributed approach
in which each agent updates its state based on interactions
with neighboring agents, ensuring that the states of all agents
converge to a consensus equilibrium over time. In this article,
each arm can be seen as an agent and, because of pure local
control, all other arms can be seen as its neighbors without
communications. However, this part can also be replaced by
conventional balancing control algorithms with reduced tran-
sient performance, such as leader-follower control. Based on
the PI-based consensus algorithm, the controller of the ith arm
updates its ΔTri output with the law given by (23) and the
saturation law given by (24)

ΔTri = ksyn
p

N∑
j=1

(If
ai−If

aj)+ksyn
i

∫ N∑
j=1

(If
ai−If

aj)dt (23)
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Fig. 10. Control block diagram of a two-level parallel-arm inverter system with the primary control loop and the rms current balancing control loop.

ΔTri =

⎧⎨
⎩
ΔTmax

r , ΔTri ≥ ΔTmax
r

ΔTri, −ΔTmax
r < ΔTri < ΔTmax

r

−ΔTmax
r , ΔTri ≤ −ΔTmax

r

(24)

where If
ai is the filtered true rms current of the ith arm and

ΔTmax
r is the control saturation limit. The resultant control block

diagram of the overall inverter system is shown in Fig. 10, where
vg and ig are the voltage and current measurements at the PCC,
vc is the modulation reference of the inverter output voltage, P ∗

and Q∗ are the active and reactive power references, �ia is the
arm current measurement vector, �Ima

a is the output of the true
RMS calculations, andωc is the cutoff frequency of the low-pass
filter.

The rotational rest control strategy modifies the parallel con-
nection pattern of arms while remaining fully decoupled from
the primary control loop. This structural independence ensures
that the stability and dynamic performance of the primary con-
trol loop are preserved. However, the PI gains of the consen-
sus controller still govern the current balancing convergence
characteristics of all parallel arms. Improper selection of these
PI gains could trigger unstable oscillations in all rest periods,
which destroy the current balancing functionality. These PI
gains should be designed on the basis of analyzing the dynamic
model of the balancing control loop. For simplicity, this dynamic
model is derived based on the fundamental rms currents, since
including higher order current harmonics contribute negligibly
to the stability analysis. Assuming all rest period regulation
signals are within saturation limits, according to (22), (23), the
discrete state-space representation of the PI-based consensus
balancing controller is given by the following:

�xb (k + 1) = �xb(k) + T syn
s Bb

�Ifa (k) (25)

�Tr(k) = Cb

[
ksyn
i �xb(k)+ksyn

p Bb
�Ifa (k)

]
+�T ∗

r (26)

where�xb ∈ RN×1 is the state vector of the balancing controllers,
T syn
s is the time step of the balancing control loop, and matrices

B,Cb ∈ RN×N . The control action vector �Tr ∈ RN×1 causes
the fundamental rms currents of all arms to change. As there is
only negligible inertial effects in parallel arms, the rms currents

are updated as follows:

�Ia(k + 1) = H�Tr(k) (27)

where matrix H ∈ RN×N . The updated fundamental rms cur-
rent vector needs to go through the dynamics of the moving
average rms calculations, which is based on a window length
of Tma

w and a buffer vector �xma ∈ RMN×1. This mathematical
process is given as follows:

�xma(k + 1) = Ama�xma(k) +Bma
�Ia(k) (28)

�Ima
a (k) = Cma�xma(k) +Dma

�Ia(k) (29)

A,B,C,Dma = IN ⊗A′,B′,C′,D′
ma (30)

M =
Tma
w

T syn
s

(31)

where matrices A′
ma ∈ RM×M , B′

ma ∈ RM×1, C′
ma ∈

R1×M , and D′
ma ∈ R1×1. As mentioned earlier, �Ima

a needs to
be filtered by a low-pass filter to obtain �Ifa , which is described
in the following:

�xf (k + 1) = Af�xf (k) +Bf
�Ima
a (k) (32)

�Ifa (k) = Cf�xf (k) (33)

where�xf ∈ RN×1 is the state vector related to the low-pass filter,
matrices A,B,Cf ∈ RN×N . Finally, combining (25)–(33), the
total closed-loop dynamic model of the balancing control loop
is given as follows:⎡

⎣ �xb(k + 1)
�xma(k + 1)
�xf (k + 1)

⎤
⎦ = At

⎡
⎣ �xb(k)

�xma(k)
�xf (k)

⎤
⎦+Bt

�T ∗
r (34)

whereAt ∈ R(MN+2 N)×(MN+2 N) andBt ∈ R(MN+2 N)×N .
Before selecting ksyn

p,i , the stability margin of these gains
should be determined. The stability condition can be verified
by eigenvalue analysis of the state matrix At for the rated It,
because At changes with It. The maximum permissible gain
margin is determined by constraining all eigenvalues to remain
within the unit circle. Once the stability margin is determined,
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ksyn
p,i can be selected within this stable region through numerical

simulations of the dynamic model.
Besides the PI gains, ΔTmax

r is also a critical parameter. This
saturation is designed to ensure that the rest period does not
become negative. Since PWM signals cannot have a negative
duty cycle, the executed rest period is capped at zero. However,
compensation adjustments for other arms are still computed
based on the unsaturated negative value, thereby disrupting the
intended rotational rest sequence. This disruption can lead to an
overflow of the rotation cycle and potential overlaps between
rest periods, resulting in current surges during the overlapping
intervals. To mitigate these effects, the saturation limit should
generally be scaled inversely with the error band of the ON-
resistances across all arms.

III. SIMULATION RESULTS

In this section, Matlab/Simulink is used as the simulation
platform. The default simulation parameters are shown in the
Appendix A. As the proposed method works similarly for all
phases, only the result of one phase is shown. All balancing
controllers are based on true rms currents of parallel arms.

As shown in Fig. 11(a), the traditional synchronized switching
method results in a true rms current imbalance that causes arm 4

Fig. 11. True rms current balancing comparison for a random 4 arms parallel
configuration: (a) with the traditional method and (b) with the proposed method.

to conduct 38% more current than arm 1, which can significantly
shorten the expected equipment lifespan due to the thermal
stress inequality. In contrast, Fig. 11(b) shows that the proposed
method achieves an almost uniform true rms current distribution
under the same operating conditions. With the proposed method,
the total true rms current increases roughly 15%, which confirms
our analysis for a 4-arm scenario in Section II-A. The minor
periodic oscillations observed in Fig. 11(b) result from the
moving average process, and their amplitude typically reduces

Bb =

⎡
⎢⎢⎢⎣
N − 1 −1 · · · −1
−1 N − 1 · · · −1

...
...

. . .
...

−1 −1 · · · N − 1

⎤
⎥⎥⎥⎦ , Cb =

⎡
⎢⎢⎢⎣

1 − 1
N−1 · · · − 1

N−1

− 1
N−1 1 · · · − 1

N−1
...

...
. . .

...
− 1

N−1 − 1
N−1 · · · 1

⎤
⎥⎥⎥⎦

A′
ma =

⎡
⎢⎢⎢⎢⎣
1 0 · · · 0 0
1 0 · · · 0 0
0 1 · · · 0 0. . .
0 0 · · · 1 0

⎤
⎥⎥⎥⎥⎦ , B′

ma =

⎡
⎢⎢⎢⎢⎢⎣

1
0
0
...
0

⎤
⎥⎥⎥⎥⎥⎦ ,

C′
ma =

Tm
s

Tma
w

[
1 0 · · · 0 −1

]
,

D′
ma =

T syn
s

Tma
w

,

Af =

⎡
⎢⎢⎣
e−ωcT

syn
s · · · 0

...
. . .

...

0 · · · e−ωcT
syn
s

⎤
⎥⎥⎦ ,H=

It
Tc

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1
Ra1

1
N∑

j=1,j �=2

1
Raj

· · · · · · 1
Ra1

1
N∑

j=1,j �=N

1
Raj

1
Ra2

1
N∑

j=1,j �=1

1
Raj

0 1
Ra2

1
N∑
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1
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· · · 1
Ra2

1
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1
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...
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RaN

1
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1
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1
RaN

1
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1
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,

Bf = IN −Af ,Cf = IN ,

At =

⎡
⎢⎣

IN 0N×MN T syn
s BbCf

ksyn
i BmaHCb Ama ksyn

p BmaHCbBbCf

ksyn
i BfDmaHCb BfCma Af + ksyn

p BfDmaHCbBbCf
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⎡
⎢⎣

0N×N

BmaH
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TABLE II
TRUE RMS CURRENT BALANCING RESULTS OF PARALLEL ARMS WITH EVENLY SPACED MISMATCHES (100 kW, T SYN

s =50 µs)

Fig. 12. Simulation results and dynamic model output of an individual arm’s
true rms current under power step changes.

with T syn
s . The dynamic model derived in Section II-C runs

concurrently with the simulation model, and Fig. 12 presents
a comparative analysis of the true rms current results for an
individual arm. The high-level fit between the two sets of results
confirms the accuracy of the derived dynamic model.

To evaluate the proposed method under various numbers of
parallel arms and different ON-resistance error bands, a series of
tests with uniformly distributed ON-resistances were performed,
with the results summarized in Table II. The findings indicate
that as the number of parallel arms increases, the allowed
on-resistance error band for achieving near complete current
balancing becomes more constrained. When the ON-resistance
error band exceeds this allowed limit, the rest period regula-
tion signal saturates to prevent negative rest periods, leading
to accuracy deviations in balancing results. Furthermore, the
data in Table II show that the additional conduction loss power
decreases as the number of parallel arms increases, which is
similar to the reduction in hardware costs associated with the
proposed method. Although these results highlight the benefits
of using more arms, the final parallel configuration must be
carefully designed based on the on-resistance mismatch level of
the procured MOSFETs and the allowed true rms current mismatch
thresholds.

Table II also compares the necessary derating factors of the
synchronized switching method and the proposed method under
identical inverter rating, maximum allowed junction temper-
ature, and arm current sensing conditions. The results show
that the derated synchronized switching method offers higher
available power when ON-resistance mismatches are mild. How-
ever, imbalanced junction temperatures and asynchronous aging
under derated synchronized switching can gradually amplify
resistance mismatch, further increasing thermal disparity and

Fig. 13. Low-power experimental setup for the proposed method.

reducing available power over time. This issue is especially crit-
ical in applications with frequent power cycling, such as electric
vehicles and frequency-support battery energy storage systems.
Comparatively, the proposed method may start with slightly
lower available power, but it maintains consistent performance
as the asynchronous aging effect is significantly alleviated.

IV. EXPERIMENTAL RESULTS

The low-power experimental setup (2 kVA) for the two-level
parallel arm inverter system (see Fig. 1) is shown in Fig. 13,
where phase A is configured with four parallel arms, while
phases B and C each use a single arm. Arm currents are measured
through a set of Hall current sensors, and their real-time rms val-
ues are calculated in the B-Box control unit through the moving
average algorithm. Due to hardware constraints, new control
parameters are required, as specified in the Appendix B. Since
the SiC MOSFETs in the PEB8024 arm modules have already been
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Fig. 14. Cable arrangement in the experiments for creating resistance mis-
match between parallel PEB8024 modules.

Fig. 15. Steady-state experimental results with the synchronized switching
method for the unsaturated scenario: (a) true RMS currents of parallel arms; (b)
current waveform of arm 1; and (c) PCC current.

screened and picked by Imperix, we introduced ON-resistance
mismatches between these arm modules by power cables of
different resistances. In total, three experiments were conducted:
1) a comparison of the traditional synchronized switching and
proposed balancing methods without control saturation; 2) a
comparison under control saturation; and 3) an instability in-
jection test in the balancing control loop. The parameters of all
the cables used in both saturated and unsaturated experiments
are listed in Fig. 14, and the instability experiment uses the
same cables as in the unsaturated case. Note that the cable
configurations for the unsaturated and saturated experiments
are different, and the saturated scenario has a larger parameter
mismatch on the ac side.

For the unsaturated scenario, the steady-state behaviors of
inverter currents with the traditional and proposed methods
are illustrated in Figs. 15 and 16. A comparison between

Fig. 16. Steady-state experimental results with the proposed method for the
unsaturated scenario: (a) true rms currents of parallel arms; (b) current waveform
of arm 1; and (c) PCC current.

Fig. 17. Dynamic experimental results with the synchronized switching
method for the unsaturated scenario: (a) true rms currents of parallel arms;
(b) current waveform of arm 1; and (c) PCC current.

Figs. 15(a) and 16(a) demonstrates that the experimental re-
sults align well with the expected true rms current balancing
performance. Furthermore, the total true rms current across all
arms reveals a 15% increment under the rotational rest control,
which is consistent with our theoretical expectations. Figs. 15(b)
and 16(b) present the current profiles of arm 1, where the inter-
rupted sinusoidal waveform clearly indicates the respective rest
periods. Data in Fig. 16(b) also confirms that the implemented
deadtime effectively mitigated current surges during rest period
transitions. In addition, Figs. 15(c) and 16(c) show that the
proposed method generally preserves the PCC current profile
while achieving current balancing of parallel arms. Regarding
dynamic performance, Figs. 17 and 18 illustrate the inverter
response with the traditional and proposed methods under active
power step changes. The results in Figs. 17(a) and 18(a) indicate
that the proposed method maintains high accuracy and speed
(tens of ms) in balancing under rapid power variations, while
Figs. 17(b) and (c) and 18(b) and (c) prove that the proposed
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Fig. 18. Dynamic experimental results with the proposed method for the
unsaturated scenario: (a) true rms currents of parallel arms; (b) current waveform
of arm 1; and (c) PCC current.

Fig. 19. Steady-state experimental results with the synchronized switching
method for the saturated scenario: (a) true rms currents of parallel arms; (b)
current waveform of arm 4; and (c) PCC current.

method maintains the arm and PCC current profiles for different
operating conditions.

For the saturated scenario, Figs. 19 and 20 compare the steady-
state performance of the traditional and proposed methods, while
Figs. 21 and 22 compare their dynamic performance. Although
control saturation reduces the accuracy of the proposed method
in true rms current balancing, as evidenced in Figs. 20(a)
and 22(a), the proposed method still achieves an improvement
of over 60% in the accuracy of balancing compared to the
traditional method at full power. However, as shown in Figs.
20(b) and 22(b), the rest periods for arm 4 (smallest rest period)
are saturated to prevent the situation of zero rest period, and thus
reducing balancing performance. In practical implementations,
the saturation limit can be adjusted according to specific design
priorities, such as high accuracy at the rated power or consistent
accuracy throughout the entire power operating range. Regard-
ing the PCC current profile, the data presented in Figs. 20(c)
and 22(c) indicate that control saturation does not affect the PCC

Fig. 20. Steady-state experimental results with the proposed method for the
saturated scenario: (a) true rms currents of parallel arms; (b) current waveform
of arm 4; and (c) PCC current.

Fig. 21. Dynamic experimental results with the synchronized switching for the
saturated scenario: (a) true rms currents of parallel arms; (b) current waveform
of arm 4; and (c) PCC current.

Fig. 22. Dynamic experimental results with the proposed method for the
saturated scenario: (a) true rms currents of parallel arms; (b) current waveform
of arm 4; and (c) PCC current.
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Fig. 23. Impact of the proposed method’s instability on the inverter currents:
(a) true rms currents of parallel arms; (b) current waveform of arm 1; and
(c) PCC current.

current performance of the proposed method under steady-state
or dynamic conditions.

Furthermore, Fig. 23 illustrates the impact of instability in
the balancing control loop on the PCC current. As depicted in
Fig. 23(a) and (b), a manual change of ksyn

p at approximately
0.15 s triggers unstable oscillations in the arm currents, resulting
in a failure of the balancing control. However, this instability
only affects the current distribution among the parallel arms;
the merged current at the PCC remains unaffected during and
after the disturbance, as shown in Fig. 23(c). This confirms
that the balancing control does not compromise the stability
of the inverter’s primary control loop. Recall that the previous
experimental results also demonstrated a negligible impact of
the proposed method on the PCC current THD. By combining
both THD and stability results, it is evident that the proposed bal-
ancing control loop is effectively decoupled from the inverter’s
primary control loop.

V. CONCLUSION

Parallel arm SiC-based converters are susceptible to on-
resistance inconsistencies, causing imbalanced RMS currents
and eventually asynchronous aging of SiC MOSFETs. Existing
balancing methods either incur significant costs or adversely
affect the reliability of the converter primary control system.
This paper proposes a rotational rest control strategy to achieve
rms current balancing in parallel arms. The proposed method
does not require customized gate drivers, and the associated
hardware cost percentage is inversely scaled with the number
of parallel arms. In addition, the proposed balancing control
loop is decoupled from the converter’s primary control loop,
ensuring stable and reliable voltage or current control at the
PCC even if the balancing loop suddenly becomes unstable.
Future work should focus on reducing the induced conduction
losses and improving the parameter error tolerance for large arm
numbers.

APPENDIX A
SIMULATION PARAMETERS

APPENDIX B
EXPERIMENTAL PARAMETERS
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