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Temperature fluctuation is the primary reason for gradual failure of IGBT (Insulated Gate
Bipolar Transistor) module in inverter system, and overall thermal management is an
effective way to smooth temperature fluctuation and prolong the service life of IGBT
module. Currently there are a series of problems with the module temperature management
method of inverter system, including complicated control method, limited adjustment
range, slow response, and poor control accuracy, etc. To cope with these matters, this paper
aims to study a thermal management strategy for inverter system. At first, this paper built
a model for temperature prediction and control of inverter system based on linear time-
varying state space, the model measures system state based on estimation and can calculate
the control variables with the mutual effect between different variables taken into
consideration but without the necessity of system decoupling. Then, this paper proposed a
thermal management strategy for inverter system based on predictive control and
optimized it further. At last, the validity of the constructed model and the proposed strategy

were verified by experimental results.

1. INTRODUCTION

Under the guidance of “emission peaking and carbon
neutrality goals”, wind energy, solar energy and other new
energy types are developing fast in China these days. Grid-
connected inverters play an important role in electricity
generation using various energy sources, so they have been
widely used in the field of power generation [1-6], and their
reliability is very important for stably and reliably merging the
generated electricity in to the large power grid [7-11]. IGBT
module is one of the most widely used power switching device
in various power converters, and its reliability determines the
reliability of grid-connected inverters [12-16]. According to
existing research findings, temperature fluctuation during
operation is the primary reason for gradual failure of IGBT
module, and causes for such temperature fluctuation include
the fundamental frequency junction temperature fluctuation
caused by sinusoidal changes of network side current, and the
low frequency junction temperature fluctuation caused by
power fluctuation of system [17-23]. This also means that the
non-stable operating state of new energy source power
generation system will accelerate the aging of IGBT module,
thereby shortening the service life of grid-connected inverters,
and the thermal management of inverter system is an effective
way to smooth junction temperature fluctuation of IGBT
module and prolong its service life.

Mistry et al. [24] proposed a compact-style thermal
management solution for high power traction inverters, the
scheme they designed made use of a stacked cooling system
which can extract heat from the two largest heat sources in the
power inverter, and the uniform coolant flow can ensure
minimal coolant temperature gradient across the switching
devices in the power module and the capacitor cells. Their
design could maintain a uniform junction temperature in
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capacitor cells and switching devices, and its validity was then
verified by computational fluid dynamics. Cheli and Carcasci
[25] developed an on-field diagnostic algorithm for thermal
management system of solar field central inverter. They
simulated four faults including heat exchanger fouling and
cold plate blockage, and examined changes in the maximum
junction temperature of electronic components to assess and
analyze the impact of faults on the performance of thermal
management system in power plant. Guirguis et al. [26]
designed a portable high-efficiency single-phase power
inverter with a power of 2kW and a volume of 29 in? that can
produce a power density of 69 W/in?. Their work proposed an
efficient thermal management and cooling concept to reduce
hot spots by distributing the heat more uniformly inside the
inverter's enclosure and quickly removing it out of the system.
Chang et al. [27] researched a newly developed dual bi-
directional IGBT-based inverter combining with autonomous
microgrid system with particular attention on thermal
management and performance evaluation under various
operating conditions, and experimented on locally enhanced
heat transfer approach such as oblique orientation and heat
dissipating materials. The studied inverter system was initially
packaged by a galvanized steel plate sized 62>48=18cm and
the switching power was set within the range of 0.5-3kW. The
adoption of heat dissipating material in either paste or film
form exhibited flexibility tailoring heat transfer performance
locally. Experiments of heat dissipating film with various hot
spot scenarios indicated that the temperature difference can be
reduced as much as 13.1 and 15.4°C respectively with
facilitation of one- and two-layers of heat dissipating film.
After carefully reviewing relevant literatures, it’s found that
existing module temperature management methods of inverter
system generally have a few problems such as complicated
control method, limited adjustment range, slow response, and
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poor control accuracy, so looking for a junction temperature
suppression method of inverter switching devices with simple
control, wide range, high precision, and rapid response is a
meaningful work, in view of these matters, this paper aims to
study a thermal management strategy for inverter system
based on predictive control. In the second chapter, this paper
built a model for temperature prediction and control of inverter
system based on linear time-varying state space, the model
measures system state based on estimation and can calculate
the control variables with the mutual effect between different
variables taken into consideration but without the necessity of
system decoupling. In the third chapter, this paper proposed a
thermal management strategy for inverter system based on
predictive control and optimized it further. At last, the validity
of the constructed model and the proposed strategy were
verified by experimental results.

2. TEMPERATURE PREDICTION AND CONTROL
MODEL FOR INVERTER SYSTEM

Compared with other control methods, predictive control
has a few merits such as stable and active control, high
accuracy, applicable to multi-input/multi-output systems, and
low difficulty in calculation, etc. By applying it to inverter
systems, we can measure system state based on estimation and
calculate the variables with their mutual effect taken into
consideration but without the necessity of system decoupling.
Then, this paper modeled the predictive temperature control of
inverter system based on linear time-varying state space,
laying a basis for the proposal of the thermal management
strategy of inverter system based on predictive control.

Based on the actual operating conditions of inverter system,
in this paper, an assumption was made for the heat transfer
model of inverter system, as shown in Figure 1, it’s assumed
that there is no heat exchange between IGBT module, driver
module, protection module and other components in each sub-
system of the thermal management system. Based on this
assumption, a temperature prediction model of inverter system
was established. Figure 2 gives the structure of thermal
management and control strategy for inverter system.
Combining with the understanding of thermal management
and control strategy of inverter system, the fundamental
frequency junction temperature fluctuation of IGBT module,
the low frequency junction temperature fluctuation of IGBT
module, and the temperature fluctuation of other modules were
taken as state variables of the system, and the output power of
new energy power generation system was taken as the input of
the control system. In the meantime, measurable input
disturbances such as power generation environment (lighting,
wind) changes and ambient temperature were set.
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Figure 1. Heat transfer model of inverter system
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Figure 2. Structure of thermal management control strategy for inverter system

The temperature of inverter system, the heat dissipation
temperature of cooling system, and the temperature of heat
source could be expressed in differential equations as:

D dq :OK_OY+OX +OY +W.

"do s, s, ™ )
Dy dOK — O, -0« + Oprc +Ox + W, e @)
do Sva SPTC—K
D dOPTC — OK _OPTC +W (3)
PTC dO SPTC,K PTC

The following formula gives the state space form of above
equations:

A=XA+YV+Y,q 4)
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By discretizing Formulas 4 and 5, the temperature
prediction model of inverter system could be attained, then the
temperature prediction controller was configured in MATLAB,
the following formulas describe the model after discretization:

A(l+1) = XA(1)+Yv(1)+Yea(l) (7)
B(1)=DA(l) ®)
where,
)z — pXo (9)
V=[, pdgy, (10)
DX DY,
b(1+1]1) DX? DY, +DXY,
B=| 1 |.S=| i | R=
b(1+M. 1) X" 3 DX,
v(11)
v(i+i-gy=| 0+
v(1+M, -1]1)

Assuming: K represents the error gain matrix in temperature
predictor of the inverter system, then K could be solved based
on the Riccati equation:

0
0

« | (XED")(DED')
0
Assuming: A,(/) represents the actually measured value of
system state at time moment /; A”(/|l-1) represents the system
state of time moment / predicted at time moment /-1; p4(/|/-1)
represents the prediction error of system state, then there are:

-1

(16)

E=limP(p,(111-1)p, (11-1)") (17)

p, (11-1)=A ()-A(I]1-1) (18)

5:[5 p**dgy, (11)

Since the properties of heat transfer medium between
components of the inverter system and the thermal
conductivity of each component would change under different
temperature conditions, elements in three matrices shown in
above formulas would vary with time during the operating
process of the inverter system. In order to update elements in
the three matrices at each simulation step, a linear time-
varying state space calculation module was programmed in
MATLAB/Simulink to avoid model mismatch caused by
changes in the temperature of each component of the inverter
system.

Following formulas give the state space of the final
temperature prediction model of inverter system:

A(l+2) =X (HAD)+Yv()+Y, (Na() (12)
B(1)=DA(l) (13)
Assuming: M. represents prediction time domain, My
represents control time domain, and they satisfy M>M,, then
the formula for calculating the predictive output of the
prediction model is:
By (1+1[1)=RA(1)+RV (N+RQ(1+Tp(1)  (14)
where,
DY, 0 0 |
DXY. +DY, DY, 0 DK
: : © |, A=| DXK ,
Nesl M2 _ DX Me
> DX, DX 'Y, DY, DXTK
R =0 (15)
a(tin
[+1]1
L Q(+eqn=| 30+
q(I+M,-1]1)
3. THERMAL MANAGEMENT AND CONTROL

STRATEGY FOR INVERTER SYSTEM

In this part, the paper proposes a thermal management
control strategy of inverter system based on predictive control
and optimizes it further.
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Figure 3. Thermal management and control idea of inverter
system
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Figure 3 shows the idea of thermal management and control
of inverter system. Model temperature prediction, rolling
optimization, and feedback correction are three main features
of thermal management and control of inverter system based
on predictive control. Through rolling optimization, the
strategy can give the optimal control sequence of period
[[+1,1+£] at time moment / so that the cost function of the
sequence is minimized, thereby realizing the optimization of
the prediction of control sequence of future time period # made
based on the state of current time moment. Through feedback
correction, after attaining the optimal control sequence
[v(I+1|D,v(I+2])),...,v(I+o|l)] at time moment /, v(I+1|]) could be
taken as the only control input to attain the system state at time
moment /+1, in this way, the optimization of the optimal
control quantity based on actual system state output could be
realized.

The prediction model adopted here is a state space model
simplified based on the model constructed in previous section.
Assuming: A(/+i|l) represents the estimated value of the state
matrix of time moment /+i given by the prediction model at
time moment /; V(l+i-1|/) represents the control quantity of
optimal control sequence of time moment /+i-1 solved at time
moment /; U(l+i-1|]) represents the future disturbance value of
time moment /+i-1 input into the system model at time
moment /; X, ¥,, and Y, represent parameter matrices at current
time moment; B(/+i|]) represents the estimated value of system
output at time moment /4 given by the model at time moment
I; D represents the matrix of coefficients between future state
quantities and the output quantities; e represents prediction
time domain of the control system;
[A(H1D,A(1+2|]),...,A(I+e|])] represent state quantities to be
estimated, d represents the control time domain, the control
time domain must not be larger than the prediction time
domain, then [V(e-d+k|l), V(e-d+2|l),...,V(I+e|)]=0, and the
matrix was completed and can be written as:

A(L+i[1) = XA(I+i=1]1)+Y,V (1+i-1]1)

+Y U (1+i-1]1) (19)

B(|+i||):DA(|+i||) (20)
A rolling optimization objective formula was set and
introduced to solve above formulas to attain the output control
sequence. Assuming: m; and m, respectively represent the
number of controlled objects and the number of control
variables; g; represents the weight of the i-th output value of
the j-th variable of prediction value B of the controller at time
moment k/; g;’ represents the weight of the i-th output value of
the j-th variable of control quantity output V of the controller;
qi/" represents the weight of change rate of the i-th output
value of the j-th variable of control quantity output V" of the
controller; C; represents the output value of rolling
optimization; d and e respectively represent the control time
domain and the prediction time domain of the controller; then
the cost equation of the thermal management controller of
inverter system at time moment k was solved as follows:

3(C)

=3 > g[S, (i) -B( i) ]

J,(C)+3,(C)+3,(C)

e2y)

3 (Z)) (22)
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According to above formula, cost function J(C;) has three
parts: Jy(Cy), J(Cy), and Jp(Cy). The role of Jy(C)) is to ensure
that the system output value B(/+i|/) of time moment /+i given
by model at time moment / approaches the reference value
S(I+i|l) as much as possible; the role of J,(C)) is to ensure the
control sequence is as small as possible, so as to save the
energy consumption of the cooling system; the role of J4,(C;)
is to make the control variable change as small as possible, so
as to ensure smooth operation of the thermal management and
control process of the entire inverter system.

The objective of rolling optimization introduced here is
given by the following formula, that is, to ensure the value of
cost function is minimum.

min[ J(C,)]

Based on the objective of rolling optimization, the solution
constraints of optimal control sequence control quantity C;can
be set:

(23)

‘]v (CI)

(25)

Vi SV (I1+1]1) <V, (26)
Bun <B(I+i[l)<B,, (27)

Calculation formula of C is:
Cr=[v(+ny V(=21 LV (+d ) ] 2s)

As operating condition changes, the heat generated by the
IGBT switching module of inverter system varies accordingly.
If the amount of generated heat can be predicted and the
control quantity can be calculated, then the temperature of the
inverter system will be close to the preset temperature, and the
energy consumption of the cooling system and the aging
performance of the inverter system will be improved. The state
quantity of thermal management system of inverters is the
state quantity in the prediction model.

One thing should be noted is the limits on the power of the
cooling system and the temperature of the inverter system,
wherein the power of cooling system is limited by the rated
power of the adopted cooler, constraint of the control variable
is:

0<V (1+i1)<350 (29)

Thermal management of inverter system should be
conducted within the safe working temperature range, the
following formula gives the constraint of the output value of
the controlled system:

15°CSB(I+i|I)S35°C (30)

Figure 4 shows the thermal management control strategy of
inverter system proposed in this paper.
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Figure 4. Thermal management control strategy of inverter system

4. EXPERIMENTAL RESULTS AND ANALYSIS

Table 1 shows the data of temperature rise of each
component in inverter system under low power and high
power conditions, including 6 IGBTs, 2 driver modules, a
voltage protection module, and a current protection module.
The analysis data shows that both ventilation cooling scheme
and liquid cooling scheme can keep the temperature of inverter
system under the maximum allowable operating temperature,
but under the liquid cooling scheme, the temperature rise of
each component of the new energy power generation system
in case of low and high output power is smaller, and the heat
dissipation effect is better. At the same time, the temperature
rise when the output power of the new energy power
generation system peaks can be effectively controlled, and the
thermal management and heat dissipation performance of the
inverter system meets the requirements.

Table 1. Temperature rise of system components under low
and high power conditions

Ambient Ambient
Component temperature 25°C temperature 35°C
Low High Low High
power power power power

IGBT1 0.5 9.1 2.2 21.7

IGBT2 0.5 9.0 2.4 21.6

IGBT3 0.5 9.1 2.3 213

IGBT4 0.5 9.0 2.3 21.5

IGBTs5 0.5 9.0 2.2 21.5

IGBT6 0.5 9.1 2.1 21.6

Driver module 1 0.3 5.9 2.8 17.5

Driver module 2 0.9 8.5 34 10.6

Voltage protection 02 39 24 125
module

Current protection 09 77 30 17.1
module
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Table 2. Energy consumption of cooling system in case of
different cooling schemes

Energy consumption Energy saving

(kWh) ratio
Ventilation 8.07 15.78%
cooling
Liquid cooling 105.37 29.4%

Table 2 shows the energy consumption data of the cooling
system under different cooling schemes. As can be seen from
the table, the ventilation cooling scheme can save 25.78%
power consumption when the inverter system adopts the
thermal management strategy, as for the liquid cooling scheme,
since the power consumption of the scheme itself is higher, it
can save 29.4% power consumption.

The state of the IGBT module in the inverter system was
observed in different ways, specific observation methods are:
open-loop  observation, and composite observation
considering the heat loss of devices. Figure 5 shows the
maximum IGBT junction temperature deviation under
different modes of observation. It can be seen from the figure
that the maximum IGBT junction temperature deviation of the
composite observation is only 0.16°C, which is about 9°C
lower than that of open-loop observation, so this paper chose
to perform module computation time consumption experiment
based on the composite observation method.

To realize thermal management and control of inverter
system, the control frequency of target system and the
switching cycle of IGBT module need to be fully considered
to ensure that the complete operation time of the entire model
is appropriate and the proportion of execution time of each
sub-module is controllable. In case that the control frequency
of target system was less than 20 kHz and the switching cycle
of IGBT module was 50us, the running time of the model



constructed in this paper was about 5~6us, which basically
meets the requirement. In addition, the computation time
consumption of each sub-module of the model was also
calculated, and the results are given in Figure 6. Specifically,
the tested modules include: the module for calculating average
output power and variance of the new energy power generation
system (Module 1), the module for calculating the rated power
time proportion (Module 2), the output power prediction
module (Module 3), the IGBT heat loss calculation module
(Module 4), the system state estimation module (Module 5),
the module for solving the optimal control sequence and
control quantity of the system (Module 6), signal collection
and pre-processing module (Module 7), heat management
control signal output module (Module 8), etc.
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Figure 5. Maximum IGBT junction temperature deviation
under different observation modes
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Figure 6. Computation time consumption of each module

According to the figure, although Model 3 (it predicts
output power based on based on ANN) and Module 4 (it
calculates the IGBT heat loss of multiple devices) had added a
large computational load to the execution of the model, and
this paper had set a constraint on Module 6 (it calculates the
optimal control sequence and control quantity of the system),
still, the computation time consumption took a large
proportion, therefore, to further reduce the complete operation
time of the entire model and accelerate the thermal
management control signal output, further optimization could
be made starting from these three modules.

To verify the validity of the temperature prediction model
of inverter system, at first, the thermal management controller
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script file was closed and observations of the inverter system
were made under the condition that there’s no intervention of
thermal management and control. The simulated temperature
curve and actually measured temperature curve of the inverter
system are shown in Figure 7.
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Figure 7. Comparison of simulated temperature and
measured temperature

According to Figure 7, under the condition that there’s no
thermal management control intervention, the simulated
temperature curve and the actually measured temperature
curve show a high degree of agreement, indicating that the
temperature prediction model of the target system is effective.
Then, the thermal management controller script file was
opened, and simulations were performed under the condition
of with and without thermal management control intervention,
and the temperature curves are shown in Figure 8.
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Figure 8. Temperature control curves under different thermal
management control intervention conditions

As can be seen from Figure 8, under the intervention of
thermal management and control, the operating temperature of
the inverter system had been kept between 30°C~40°C. The
temperature peak shown around 1000 seconds was mainly
caused by the momentary fluctuations and increase of the
output power of the new energy power generation system, the
switching frequency of switching devices was accelerated and
the heat generated by the system was increased. In most time
period, the temperature of the inverter system was controlled
below 40°C.



Table 3. System energy consumption before and after
predictive temperature control

Control Energy consumption Energy saving
strategy (kwh) ratio
Before control 1.67 /
After control 1.44 13.5%

At last, an experiment was designed to compare the system
energy consumption before and after taking predictive
temperature control, and the experimental data is given in
Table 3. As can be seen from the data, the thermal
management control strategy of inverter system introducing
predictive temperature control could attain higher control
accuracy and lower energy consumption; after taking
predictive temperature control, the system energy
consumption had been reduced by 0.23 kWh, and it had saved
about 13.5% of the energy.

5. CONCLUSION

This paper studied a thermal management strategy of
inverter system based on predictive control. At first, based on
time-varying state space, a temperature prediction and control
model of inverter system was built to calculate system state
and control variables based on estimation with the mutual
effect of different control variables taken into consideration
and without the necessity of system decoupling. Then, this
paper proposed a thermal management control strategy of
inverter system based on predictive control and optimized it
further. Combining with experiment, this paper gave the data
of temperature rise of each component in the inverter system
under high and low power conditions and the data of cooling
system under different heat dissipation schemes, the results
verified that the temperature rise of the new energy power
generation system can be effectively controlled when the
output power is in a peak state, and the heat dissipation
performance of the inverter system could meet requirement.
During the experiment, the calculation time consumption of
each sub-module of the model was calculated to ensure that
the complete operation time of the entire model was
appropriate and the proportion of execution time of each sub-
module was controllable. Moreover, the temperature control
curves under the intervention of different thermal management
and control schemes were compared and the results verified
the validity of the constructed temperature prediction model of
inverter system. At last, the system energy consumption before
and after predictive temperature control was comparatively
experimented, and the results proved that the strategy that
introduced predictive temperature control could get higher
control accuracy with lower energy consumption.
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