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Abstract— Conventionally, to achieve thermal balance in
interleaving power conversion systems, temperature sensor-
based closed-loop control is required. However,
temperature sensing is typically slow and cannot accurately
measure the junction temperature of power semiconductors
in real-time. To resolve this issue, this paper proposes a
novel thermal management strategy for interleaving power
converters. It is based on the weighted current sharing
strategy and gets rid of the temperature sensors. The loss
model of power semiconductors is established to
characterize the thermal performance. Fast closed-loop
control is implemented to achieve thermal balance. To
verify the proposed concept, a two-phase interleaved buck
converter is designed to serve as the case study. The results
show that 1) the designed prototype can regulate the output
voltage tightly to the reference; 2) the output currents of
each module are balanced utilizing a current-sharing loop; 3)
thermal balance without temperature-sensing is achieved
using the proposed loss-sharing-loop.

Keywords— Active thermal control, current sharing,
interleaving power converters.

[. INTRODUCTION

With the rapid development of microprocessor
technology, modern processors are facing the challenge
of "low voltage, high current” [1], which accommodates
interleaving techniques. In an interleaved converter,
multiple phases are paralleled, and individual phases are
active at spaced intervals equal to 360°/n, where n is the
total number of phases [2]. Compared with a single-phase
converter, it has advantages including higher efficiency,
better dynamic response, better load regulation, and ease
of maintenance [3]. Based on different objectives, the
interleaved parallel system is controlled by different
strategies. Among them, Current Sharing Control (CSC)
and Thermal Balancing Control (TBC) are two widely
used control methods.

The modular output currents of the multi-phase system
are desired to be equal under CSC. If the output currents
are well balanced, smaller filtering capacitors can be
adopted in multi-phase systems. Hence, better dynamic
response, and optimized system thermal distribution can
be achieved [2]. CSC can be classified into droop
methods and active current sharing methods [4]. Droop
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Fig. 1. Junction temperature estimation-based thermal management
strategy.

methods change the load-regulation characteristic of
paralleled power supplies and maintain a relatively
balanced current distribution among phases [3]. However,
droop methods cannot achieve favorable load regulation
due to the lack of communication between the modules.
On the other hand, active current sharing methods
compensate for the output current mismatch between
phases. Master-Slave CSC is one of the most popular
active methods. It adjusts the output current of the slave
converters to match the master's output current [5].
Nevertheless, once the master module fails, the entire
system is unable to work normally. Another active
method is average-current-sharing control. The output
current of each phase is controlled to reach the average
output current of paralleled modules [6]. However,
evaluation of the control stability is complicated since the
current equalization and voltage regulation are coupled.
Despite the above-mentioned benefits of CSC methods,
the power loss of each module may vary unevenly. It can
lead to a significant temperature mismatch under long-
term operation with nonidentical switching device
parameters. As a result, the uneven temperatures of the
devices will degrade the overall system reliability [7]. To
improve the reliability and to extend the lifetime of power
electronic modules, it is necessary to balance the thermal
stress of modules. Active thermal control (ATC) is an
effective way to reduce the thermal stress of the
components [8]. They utilize thermal variables to control
the junction temperatures [9]. The temperature of power
modules is essential, while it is difficult to measure [10-
11]. However, the time delay between the heat source and
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Fig. 2. Two-phase interleaved buck system.

sensed temperature is long. Therefore, temperature
sensor-based thermal control is not favorable to fast
dynamic control [12]. An alternative is junction
temperature estimation, as is shown in Fig. 1, the power
device case temperature and the thermal characteristic
parameters are used to estimate the junction temperature
[13]. However, the temperature is only a manifestation of
heat, which is induced by power loss. Since temperature
rise is proportional to heat, which is the integral of power
loss, there is a delay between temperature and losses,
which cannot be avoided by the method of junction
temperature estimation. To improve, this paper proposes
a heat equalization control method based on power loss
model.

To make the interleaving parallel system possess a
convenient thermal balancing control as well as a rapid
dynamic response, this paper proposes a sensorless
thermal balancing strategy. This work estimates the
switching loss and proposes a closed-loop thermal
balancing control for a two-phase interleaving Buck
converter. To show the effect of the proposed method, the
performance of CSC is also presented. Simulations and
experiments are carried out to show the effectiveness and
convenience of the proposed method.

II. SYSTEM INTRODUCTION AND LOSS MODELING

A. System Introduction

A two-phase interleaved Buck system is investigated
as the case study. The schematic is shown in Fig. 2. The
system consists of two-phase Buck modules, whose input
and output ports are paralleled. Meanwhile, there is a
180°phase difference between the driving signals of the
two Bucks.

Phase 1 is controlled by voltage-loop, while Phase 2 is
controlled by loss-loop. Therefore, Phase 1 regulates the
output voltage, while Phase 2 balances the power loss.
Compared with single-phase buck converters, multi-
phase converters are more suitable for high-power
applications, because of the reduced capacitors and
improved thermal performance. Additionally, since
different phases are paralleled, it is easy to be extended to
more phases, where one phase regulates the output
voltage, and the other takes charge of the power loss
balance.
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Fig. 3. Operation mechanism of the proposed loss balancing strategy.

B. Loss Modeling

State-of-the-art thermal balance control methods either
require temperature sensing with severe delay to feedback
temperature or require complicated junction temperature
estimation[14]. This work controls the loss of each
module to achieve a simple thermal balance with a fast-
dynamic response. In other words, loss balance control is
used to complete the thermal equalization control.

Loss model is an important part of loss equalization
control. The loss in Buck module is mainly caused by
power semiconductor devices, for example, power
MOSFETs and power diodes. For these devices,
conduction loss and switching loss are the main
components of the loss. Based on the above analysis, the
loss model is listed in (1-3).

B,(t) =iy(t)’ R, (on)+0.5V, 1 f.(t +t,) (1)

B () =i,(t)’ R, +i, 1)V, 2)

Py (8) = B, (1) + P, ()
=iQ(t)szS(on)+O.51/,n]0ﬁ(t,, thf)2 3)

+i (1)’ R, +i, )V,

where, Py is the loss of power MOSFET, Pp is the power
of the power diode, and Ps.; represents the total loss of
power semiconductors. The loss model includes the
switching loss and conduction loss of power MOSFET
and the conduction loss of power diode.

Parameter descriptions are as follows: ip -- MOSFET
current; Ryson) — MOSFET on resistance, which can be
got from the data sheets; Vi, -- input voltage; I, -- output
current; f; -- switching frequency; ¢ -- MOSFET rising
time, #r-- MOSFET falling time, both ¢, and # can be read
from the data sheets; ip -- diode current; Rp -- diode
equivalent resistance; Vp -- diode forward voltage, which
can also be extracted from the datasheets.

III. PROPOSED THERMAL MANAGEMENT STRATEGY

To achieve an even thermal distribution of the
interleaving system without temperature sensors, a loss-
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Fig. 5. Improved current sharing control scheme.

balance methodology is proposed. It does not require
temperature sensors or junction temperature estimation of
power semiconductors. To compare the thermal balance
performance of the proposed temperature sensing free-
thermal balance methodology, simulations and
experiments of CSC are carried out. This paper also
proposes an improved CSC method that decoupled the
voltage control loop and current control loop. This
section describes the two balance control strategies. The
operation mechanism of the proposed loss balancing
strategy is shown in Fig. 3.

A. Proposed Loss Balancing Strategy

The diagram of the loss balancing strategy is shown in
Fig. 4. Aiming at achieving balanced loss and regulated
output voltage simultaneously, one Buck converter
controls the loss, and the other stabilizes the output
voltage.

Phase 1 regulates the system's output voltage, so the
input of the PI compensation in this phase is the error
between the actual output voltage and the reference
voltage, and the PI loop stabilizes the output voltage to
the desired value. Phase 2 aims to balance the switching
loss of the two modules. Therefore, the input of the PI
compensation of this phase is the error between the
calculated loss and the average loss. By sampling the
output current of the two Bucks, and then inserting the
current values into (3), the switching loss of each Buck
can be obtained separately. The reference of the loss is
the average loss.
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Fig. 6. Simulation results of the output voltage by the proposed thermal
balance control.
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TABLE I
Simulation Parameters
MOSFET | Diode L Cout input output
Rion) Rion) voltage | voltage
Phasel 2.5mQ 0.6Q | 47uH | 47pF 15V 9V
Phase2 10Q 0.8Q

B. Improved Current Sharing Control Strategy

The conventional average-current-sharing control
method adds the voltage error and current error, and
makes the sum of the errors the input of PI compensation.
Therefore, when the polarity of current error and voltage
error is opposite, the control signal often cannot make the
system achieve current balance and stabilized output
voltage at the same time, and the system tends to lose its
stability. In this paper, the average-current-sharing
control method is improved by decoupling current control
and voltage control. In other words, one phase is
responsible for current balancing and the other phase
aims at stabilizing the output voltage. The diagram is
shown in Fig. 5.

IV. SIMULATION AND ANALYSIS

Simulation is carried out in SIMULINK, and this
section shows the simulation results of voltage regulation
control(VRC), CSC, and the proposed temperature
sensorless thermal balance control. To show the effect of
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Fig. 8. Picture of the experimental platform.

TABLE 11
Experiment Parameter Design
L Cou MOSFET Power Diode
Phasel 47uH | 47pF | BSCO3INO6NS3G | SVMI550UB
Rds(un):3 .ImQ
Phase2 | 47uH | 47uF | BSCI23NO8NS3G SVM1550LB
Rdx(un): 12.3mQ

CSC, the simulation of VRC is also carried out. The
simulation conditions are shown in Table I.

The output voltage of the system can be stabilized at
the design value of 9V by VRC, CSC, and the proposed
thermal balance control, which indicates that the three
closed loops can stabilize the output voltage. Fig. 6
shows the output voltage by the proposed thermal balance
control. Fig. 7(a)~Fig. 7(c) show the inductor current
under VRC, CSC, and the proposed thermal balance
control respectively. The average inductance current of
Phase 1 in Fig. 7(a) is 0.339A, and that of Phase 2 is
0.190A, while the average inductance current of Phase 1
in Fig. 7(b) is almost equal to that of Phase 2 at the
steady-state, which is 0.265A. It can be concluded that
the proposed CSC can make the output current of the two
phases tend to be equal. The loss of the switching devices
in the two Bucks can also be obtained, under CSC, the
loss of phase 1’s switching devices is 19.76mW, and that
of Phase 2 is 64.10mW. However, under the proposed
thermal balance control, the loss of Phase 1’s switching
devices is 51.95mW, and that of Phase 2 is 48.03mW. It
is proved that the proposed thermal balance control can
equalize the loss of the switching devices in the two-
phase interleaved Buck system.

V. EXPERIMENTAL RESULTS

A two-phase interleaved Buck system is designed, and
TMS320F28335 is used to implement the control
algorithm in experiments. Fig. 8 shows the experimental
platform.

A. Experiment conditions and device selection

The input voltage of the system is 15V, the output
voltage is 9V, the load is 8.5Q, and the switching
frequency is 200kHz. The parameter design is listed in
Table II.
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Fig. 9. The output voltage, switch driving waveform and inductance
current of each phase under different control strategies. (a)Results for
VRC. (b) Results for CSC. (c)Results for the proposed thermal
balance control.
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Fig. 10. Phase 1’ s average
temperature of the switching
devices under the proposed
thermal balance control.

Fig. 11. Phase 2’ s average
temperature of the switching
devices under the proposed
thermal balance control.

B. Experiment results

Output voltage, driving waveform, and inductance
current waveform of each phase under different control
strategies can be observed by oscilloscope. Meanwhile,
the thermal equalization effect of the proposed thermal
balance control can be observed by the thermal imager.
The experiment results are shown in Table II, Fig. 9, Fig.
10, and Fig. 11.

It can be seen from Fig. 9(a-c) that under the three
control strategies, the output voltage can be stabilized at
9V, which indicates that the proposed current sharing
control method and the proposed thermal balance method
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TABLE III
The average temperature of the switching devices

Phase Average Temperature of

Control Strategy Switching Devices (°C)
1 43.7
VRC 2 30.5
1 41.5
CSC 2 344
The Proposed 1 39.7

Thermal Balance 2

Control 362

can stabilize the output voltage of the two-phase
interleaved Buck system.

By comparing Fig. 9(a) and Fig. 9(b), the average of
the inductance current of Phase 1 in Fig. 9(a) is 1.108A,
the average inductance current of Phase 2 is 27.79mA,
and the average inductance current of Phase 1 in Fig. 9(b)
is 536.0mA, and that of Phase 2 is 580.6mA. This shows
that the proposed current sharing method can balance the
output current of each module effectively.

Table III shows the average temperature of the
switching devices for the two-phase interleaved Buck
system under three control strategies. It can be seen that
the temperature difference of the two phases at CSC is
smaller than that of VRC, while the difference is
minimized at the proposed thermal balance control.

Fig. 10 and Fig. 11 show the average temperature of
the switching devices of the two-phase Buck under the
proposed thermal balance control. It can be seen from
Table 111, Fig. 10, and Fig. 11 that compared with VRC,
CSC can relieve the thermal management pressure of the
multi-module system to some extent. That is, the
temperature difference between modules in this case is
smaller than that under VRC. However, in the proposed
thermal balance control mode, the average temperature of
the two phases’ switch tubes is minimized, which are
39.7°C and 36.2°C, respectively. The temperature
difference between the two phases is 13.2°C under VRC,
7.1°C under CSC, and 3.5°C under the proposed thermal
balance control. This verifies thermal equalization
through proposed temperature sensorless thermal balance
control and shows that the module heating can be
effectively controlled by adjusting the loss of the main
power devices.

VI. CONCLUSION

To avoid the lagged process of temperature sensing
and the complex junction temperature estimation, this
paper proposes a method to realize the thermal balance
control by equalizing the losses of the main power
devices in a multi-phase buck system.

Firstly, the loss of switching devices is estimated for a
two-phase interleaved buck system. Secondly, based on
the traditional average current method, a CSC method
with decoupled voltage loop and current loop and the
proposed thermal balance control are proposed. Then, the
simulation and experiment of VRC, CSC, and the
proposed thermal balance control are carried out. The
results prove that the proposed CSC can effectively
balance the output current of two modules, and the
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proposed thermal balance control can make the average
temperature of switching devices of each phase closer.

It can be concluded that without using temperature
sensors with large delay and complex junction
temperature estimation, the proposed thermal balance
control proposed can effectively balance the temperature
of each module. While this paper does not take the
tolerance of the device parameters into consideration,
such as Ry, Rp, Vp, and so on, which may influence the
accuracy of the power loss model. To solve this issue, a
Monte Carlo simulation can be used, where device
parameters are considered as normal distribution to
emulate a real operation environment [15].
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