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Abstract—The multi-phase parallel converter is widely em-
ployed in low-voltage, high-current applications, such as voltage
regulator modules. In a multi-phase system, the phase current
consistency affects the output characteristics, while the heat
distribution in each module influences system stability. However,
the realization of thermal balance inevitably affects current
sharing. To address this issue, this paper proposes a strategy to
optimize the weight distribution of thermal balance and current
sharing to alleviate the current mismatch in thermal balancing
control. Simulation and experiment results verify that the pro-
posed strategy can balance the temperatures of semiconductors,
and squeeze the current difference simultaneously. This makes
active thermal control more suitable for low-voltage, high-current
applications.

Index Terms—active thermal control, interleaved Buck con-
verter

I. INTRODUCTION

Modern high-performance microprocessors (e.g., CPUs,
GPUs, and TPUs) are consuming very large current (>200A)
at very low voltages (<1.2V) [1], [2]. Additionally, terminal
loads of data centers such as memory and computing units
operate at a very low logic voltage (1V-1.8V) [3]. Multi-
phase parallel technology is very suitable for low-voltage,
high-current applications, such as voltage-regulator modules
(VRMs). Paralleling power converter modules outperform
single-phase centralized solutions. As it is featured with re-
duced filter capacitor size, improved thermal performance, and
mitigated transient overshoot [4], [5].

Traditionally, the converter design is concentrated on trans-
ferring rated power [6], improving efficiency [7] and many
other output performance. But nowadays, this paradigm grad-
ually shifts to a design addressing thermal stress during
the service life, referred to as reliability-oriented design [8].
Active thermal control (ATC) is proposed to reduce thermal
stress, avoid overdesign, and improve reliability, where thermal
parameters are utilized to regulate junction temperature [9].
The general process of ATC is shown in Fig. 1. Based on
different control objectives, ATC can be carried out on devices,
converters and modular systems [6].

This work was supported in part by the National Natural Science Foundation
of China under Grant 52077140, and in part by the Shanghai Rising Star
Program under Grant 20QA1406700.

Multi-phase 

Power Module

Ploss=Pcond+Pswit

Thermal

Control 

Strategy

+

Driving

 signal

Power loss model

Tj

Tc

Tj=f(Ploss ,Zth ,Tc)

Thermal model

Tc

Tjc

Isemi Usemi

Tj

Fig. 1. The process of junction temperature estimation.

In [10], the on-state resistance is utilized to mitigate the
thermal stress on the aged devices and to extend the overall
lifetime of the interleaved converters. In [11], a thermal bal-
ancing control (TBC) is presented for modular multilevel con-
verters, which regulate the capacitor voltage of sub-modules.
Additionally, [12] proposes a control algorithm based on graph
theory, which comprehensively considers the efficiency and
system lifetime. Convex optimization is employed to solve
the optimal power distribution. In this way, the life balance is
guaranteed, and the efficiency does not degrade obviously.

However, because of the semiconductor parameters toler-
ance, thermal matching inevitably affects the current sharing
of the multi-phase paralleled system. Current sharing is the
control objective of current sharing control (CSC) [13], which
is one of the most general control strategies adopted in multi-
phase interleaving systems. The balanced currents improve the
system’s dynamic response and optimize load regulation [14].
Various CSC strategies have been investigated to maintain
desired current distribution [13]–[15].

Usually, current sharing and temperature balance can not be
achieved simultaneously [16]. This is because TBC is enforced
to control the current flowing through each device, and to
regulate their temperatures [9]. In [17], a balancing mechanism
is proposed to achieve current sharing and temperature balance
with a sensorless approach. Nevertheless, since the control
mode is selected artificially, the two control objectives are
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decoupled, which hinders the comprehensive optimization of
the two control objectives.

To solve this issue, this paper proposes an optimal control
decision mechanism to determine the dominant control mode
of the multi-phase system, according to the degree of current
and temperature imbalance. That is to say, the decision mech-
anism is designed to do a trade-off between the better current
sharing and the thermal matching of the system, aiming to
obtain the optimal control based on the operating situation.

This paper is organized as follows. Section II introduces the
two-phase interleaved system and the thermal models. Section
III introduces the proposed TBC algorithm. Simulation and
experiment results are presented and analyzed in Section IV
and Section V, respectively. Finally, this work concludes in
Section VII.

II. SYSTEM INTRODUCTION AND THERMAL MODEL

A. System Introduction

A two-phase interleaved Buck system is investigated as the
case study. The system consists of two-phase Buck modules,
whose input and output ports are paralleled. Meanwhile, there
is a 180o phase difference between the driving signals of the
two Buck modules.

B. Thermal model

Junction temperature is the key to carry out ATC, while
there is still no suitable low-cost method to directly obtain
the junction temperature of power semiconductors. Junction
temperature can be measured using thermocouples, optical
fibers, or infrared cameras [9]. However, these methods of
direct junction temperature measurement are often difficult
practically. On the other hand, expensive measurement equip-
ment with high precision can only be used in the laboratory,
and it is difficult to be deployed in mass production. State-
of-the-art ATC methods often adopt a simple and practical
method, which is junction temperature estimation.

The process of junction temperature estimation can be seen
in Fig. 1. Firstly, the power loss of the MOSFET need to be
calculated, the loss model is shown in (1):

Ploss(t) = Pcond(t) + Pswit(t)

= iQ(t)
2Rds(on) + 0.5VinIofs(tr + tf )

(1)

where, Ploss(t) is the power loss of the MOSFET, Pcond(t)
and Pswit(t) are the conduction loss and switching loss respec-
tively. Parameter descriptions are as follows: iQ–the current
of MOSFET; Rds(on)–the conducting resistance of MOSFET,
which can be got from the data sheets; Vin–input voltage
of the system; Io–output current of the system; fs–switching
frequency; tr–rising time of the MOSFET, tf–falling time of
the MOSFET, both tr and tf can be read from the data sheets.

And then, the junction temperature can be calculated as (2):

Tj = Ploss ∗ Zth + Tc (2)

where, Tj is the junction temperature, Zth is the thermal
impedance of the MOSFETs. The thermal network of the
semiconductors can be obtained in datasheets, which are

TABLE I
THERMAL IMPEDANCE OF MOSFET IN PHASE1

Rth (K/W) 0.04297 0.2919 0.09466 0.4709

τ (s) 1.75e-05 0.001023 0.003437 0.0187

TABLE II
THERMAL IMPEDANCE OF MOSFET IN PHASE2

Rth (K/W) 0.03837 0.09466 0.9976 0.7565

τ (s) 9.448e-06 2.855e-05 0.001379 0.01701

shown in Tables I and II. Tc is the case temperature of the
device, which can be sensed by the temperature sensors.

III. PROPOSED THERMAL BALANCE ALGORITHM

The purpose of the proposed TBC is to alleviate the current
mismatch between phases, which is often observed in conven-
tional TBC. The core idea is to allocate the weights of CSC,
TBC, and voltage regulating control (VRC) in the control loop
through a proposed weight judgment function. This section
will detail the operation mechanism of the algorithm, and the
concept diagram is shown in Fig. 2.

As shown in Fig. 2, the output of the weight judgment
function is the allocation of the three control compensation
quantities, namely C1, C2, and C3. C1 is the proportion of
the VRC. Since stabilizing the output voltage at the designed
value is one of the most important issues for the Point-of-Load
(PoL) converter, C1 is set relatively large to ensure a stable
output voltage. C1 is always larger than C2 and C3, which
means that the stable output voltage is always taken more
seriously than the current sharing or temperature balance.

KI =MI
|Ik − Iavg|
Imax

(3)

KT =MT
|Tk − Tavg|

Tmax
(4)

C2 and C3 correspond to the weights of CSC and TBC,
correspondingly. They are determined by the imbalance degree
of current and temperature. For example, if the imbalance
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Fig. 2. Algorithm diagram of the proposed thermal balance control strategy.
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of the output current is more serious than the temperature
imbalance of the switches, CSC dominants. That is, C2 is
greater than C3. To judge the state of the system, KI and KT

are defined as (3) and (4), reflecting the imbalance degree
of current and temperature respectively. MI and MT are
weighting coefficients. Changing the proportion of weighting
coefficients can adjust the focused target of the control system.
When MI <MT , the system is more inclined to temperature
balance. Otherwise, it focuses on current sharing.

Fig. 3 shows the flow chart of the algorithm. The output
voltage and inductor current of each phase are sampled to
calculate the power loss of the switching devices. And then
the junction temperature estimation for the MOSFETs is com-
pleted through their thermal models, which can be obtained in
the datasheets. The required output voltage Vref , the average
junction temperature Tavg , and the average output current Iavg
are selected as the reference for the three closed loops. GC i,
GC T and GC V are the compensation functions of the three
closed loops. According to the error between the references
and the sampled values, the weight judgment function deter-
mines the proportion of CSC and TBC, to comprehensively
consider current sharing and temperature balance. The control
signals for each phase are the sum of the three closed loops.

After KI and KT of each phase are calculated, they are
compared. If KI >KT , C2 and C3 are calculated as: C2 = C2 + α ∗KI

C3 = C3 − α ∗KT

(5)

If KI <KT , C2 and C3 are calculated as: C2 = C2 − α ∗KI

C3 = C3 + α ∗KT

(6)

where, α is the correction coefficient, which is set about 1e-
5, to avoid saltation of C2 and C3. From (2) and (3), we
can see that the weight judgment function adaptively adjusts
the control signals according to the operation state. When KI

TABLE III
SIMULATION PARAMETER

Device Type

Phase1-MOSFET BSC031N06NS3G

Phase2-MOSFET BSC123N08NS3G

Phase1-DIODE SVM1550UB

Phase2-DIODE SVM1550LB

Input voltage 12V

Output Voltage 3.3V

Load 0.33Ω

>KT , current sharing should be the dominant objective, the
proportion of CSC is gradually increased, while that of TBC
is reduced. Similarly, when KI <KT , temperature imbalance
is more serious than current inequality. In this situation, the
weight judgment function increases KT , and decreases KI ,
to improve the temperature balance. The size of corrections
is determined by KI and KT , i.e., the more serious the
imbalance, the larger the magnitude of each correction is, and
the faster the new steady-state will be achieved.

IV. SIMULATION RESULTS

To compare the effects, in addition to the proposed TBC,
the simulation of VRC, CSC, and TBC are also carried out
in PLECS. Simulation results and analysis are presented in
this section. Table III shows the parameters of the simulation.
Simulation results are summarized in Table IV and Table V. It
can be observed that CSC has a better current sharing effect
than the traditional VRC, and TBC can narrow the temperature
gap. The results verify the analysis in the introduction–TBC
may influence the effect of current sharing. Additionally,
the steady-state output voltage and inductor currents when
the proposed TBC is carried out with the condition that
MI :MT =1:1 are shown in Fig. 4. We can see that the output
voltage is stable at 3.3V, and each phase of the system works
in CCM. Fig. 5 shows the simulated temperature results of
the proposed TBC when MI :MT =1:1. It can be concluded
that (1) the sum of the two phases currents is about 10A,
which meets the output requirements of the system; (2) the
error of two phases currents is 0.54A, while the temperature
difference decreases by 20.3oC compared with the VRC; (3)
the temperature difference between the two MOSFETs is
7.8oC, which is higher than that of the conventional TBC,
but it is still much less than that of the traditional CSC, which
is 13.44oC. It can be concluded that the improvement of the
current sharing in the proposed TBC is achieved at the cost
of temperature mismatch to some extent.

Table IV and Table V further show the simulation results
under different correction coefficient ratios (MI :MT ). When
MI :MT is smaller, the degree of current imbalance is in-
creased, while a better temperature balance effect is achieved.
When MI :MT =1:3, the temperature error is just 4.2oC, while
the current error rises to 0.88A.
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Fig. 4. Simulation results of output voltage and inductor current at steady
state with MI :MT =1:1.

Fig. 5. Simulation results of average junction temperature of the two
MOSFETs with MI :MT =1:1.

TABLE IV
SIMULATION RESULTS OF OUTPUT VOLTAGE AND INDUCTOR CURRENT

VRC CSC TBC Proposed TBC

MI :MT =1:1 MI :MT =1:2 MI :MT =1:3

Phase1(A) 6.95 5 5.64 5.27 5.37 5.44

Phase2(A) 3.05 5 4.36 4.73 4.63 4.56

Difference(A) 3.90 0 1.28 0.54 0.74 0.88

TABLE V
SIMULATION RESULTS OF JUNCTION TEMPERATURE

VRC CSC TBC Proposed TBC

MI :MT =1:1 MI :MT =1:2 MI :MT =1:3

Phase1(oC) 88.06 70.33 75.96 72.66 73.62 74.17

Phase2(oC) 60.96 83.77 75.94 80.46 79.12 78.37

Difference(oC) 28.10 13.44 0.02 7.8 5.5 4.2

RIGOL Power 

Supply

Oscilloscope

Load

TMS320F28335 

Development Board

Two-Phase 

Interleaved Buck

DSP Programming 

Host

RIGOL Power 

Supply

Oscilloscope

Load

TMS320F28335 

Development Board

Two-Phase 

Interleaved Buck

DSP Programming 

Host

Fig. 6. Picture of the experimental platform.

TABLE VI
EXPERIMENT PARAMETER DESIGN

L Cout Input Voltage Output Voltage fs Load

47µH 47µF 12V 3.3V 200kHz 0.35Ω

According to the simulation, the proposed TBC can alleviate
the current mismatch of conventional TBC, and the tempera-
ture balance effect can be adjusted by changing the ratio of
the correction coefficient. Meanwhile, it will sacrifice part of
the current sharing effect.

V. EXPERIMENT RESULTS

To further verify the effect of the proposed TBC, the
experiment is carried out with the two-phase interleaved buck.
TMS320F28335 is used to implement the control algorithm in
the experiment.

A. Experiment conditions and device selection

The experiment setup is shown in Fig. 6. And the experi-
ment parameters are shown in Table VI, where L is inductance
of each phase, Cout is the output capacitor, fs is the switching
frequency. The devices used in experiment are as same as those
used in simulation, which are shown in Table VI.

B. Experimental results

The output voltage and the inductor current waveforms of
each phase under different control strategies can be observed
by oscilloscopes. Meanwhile, the thermal balance effect of the
proposed TBC can be observed by the thermal imager.

The experiment results of current sharing and temperature
balance are summarized in Table VII, and Table VIII respec-
tively. And the output voltage and inductor currents of each
phase with the proposed TBC when MI :MT equals 1:1, 1:2,
and 1:3 are shown in Fig. 7, Fig. 8, and Fig. 9, respectively.

From Figs.7-9, it can be seen that the output voltage of the
two-phase interleaved buck can be stabilized at about 3.3V,
with the three preset ratios. According to Table VII, the current
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Fig. 7. Experimental results of output voltage and inductor current with
MI :MT =1:1.

Output voltage (5V/div)

Phase1 inductor current (1A/div)

Phase2 inductor current (1A/div)

Fig. 8. Experimental results of output voltage and inductor current with
MI :MT =1:2.

Output voltage (5V/div)

Phase1 inductor current (1A/div)

Phase2 inductor current (1A/div)

Fig. 9. Experimental results of output voltage and inductor current with
MI :MT =1:3.

TABLE VII
EXPERIMENTAL RESULTS OF OUTPUT VOLTAGE AND INDUCTOR

CURRENT

VRC CSC TBC Proposed TBC

MI :MT =1:1 MI :MT =1:2 MI :MT =1:3

Phase1(A) 4.38 3.83 4.15 3.78 3.91 4.02

Phase2(A) 3.22 3.83 3.44 3.70 3.70 3.63

Difference(A) 1.16 0 0.71 0.08 0.21 0.39

TABLE VIII
EXPERIMENTAL RESULTS OF JUNCTION TEMPERATURE

VRC CSC TBC Proposed TBC

MI :MT =1:1 MI :MT =1:2 MI :MT =1:3

Phase1(oC) 86.13 78.49 80.62 79.03 80.25 80.80

Phase2(oC) 70.26 82.47 80.14 82.36 81.92 81.32

Difference(oC) 15.87 3.98 0.48 3.33 1.67 0.52

Fig. 10. Case temperature of the MOSFET in Phase1 with MI :MT =1:3.

sharing effect of the proposed TBC can be analyzed. The
current error of the proposed TBC is about 0.08 A, when
MI :MT equals 1:1. The current error is larger than that of the
conventional CSC, which is about 0 A, while is smaller than
that of traditional TBC, which is 0.71 A. With the decrease of
MI :MT , the current error becomes larger and larger. However,
it is always smaller than that of the conventional TBC, because
of the current loop. The current error under the three different
ratios can be seen in Figs.7-9.

Table VIII shows the effect of the temperature balance of
the proposed TBC, the temperature error of the proposed algo-
rithm is smaller than that of the conventional CSC under three
different MI :MT ratios. The temperature error is smallest
when MI :MT equals 1:3, which means temperature balance
is valued most in this situation. The smallest temperature error
is about 0.52oC, still larger than that of traditional TBC,
which is 0.48oC. When MI :MT is larger, the temperature
error between the MOSFETs of the two phases is becoming
larger. The temperatures of the two MOSFETs in Phase1
and Phase2 with the proposed TBC when MI :MT equals 1:3
are captured by the thermal imager, which is shown in Figs.
10 and 11, respectively. The steady-state case temperatures
of the two MOSFETs are 80.5oC and 80.9oC. It is worth

Fig. 11. Case temperature of the MOSFET in Phase2 with MI :MT =1:3.
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mentioning that the thermal imager can only capture the case
temperature of the MOSFETs. During the operation of the
experiment, the MOSFETs are covered by the temperature
sensing chips, therefore, to capture the case temperature of the
two MOSFETs, the temperature sensors need to be removed
momentarily. For this reason, the results of the thermal imager
cannot present the junction temperature precisely in real-
time. However, since the steady-state is already reached, the
case temperature can reflect the effect of the proposed TBC
approximately.

The experiment results can verify the effectiveness of the
proposed TBC, the temperature balance can be achieved at
the cost of the curret sharing effect to some extent. With
different ratios of MI :MT , the results of current sharing and
temperature balance are different, that is the smaller the ratio,
the better the temperature balance effect.

VI. CONCLUSION

In this work, an improved temperature balance method for
a multi-phase interleaved Buck system is proposed, which
implements output current sharing and temperature balance
simultaneously. Both the experiment and simulation results
verify that the proposed strategy enables better temperature
matching than CSC, and releases current imbalance compared
with TBC. The reduction of current deviation optimizes the
ATC, and the proposed strategy can be extended to the systems
with more phases. Furthermore, the proposed weight judgment
function can also be extended to implement more desired
control objectives.
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