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Abstract—The dynamical behavior of temperature is becoming 
a critical design consideration for the power electronics, 
because they are referred as “thermal cycling” which is the 
root cause of fatigues in the power electronics devices, and thus 
is closely related to the reliability of the converter. It is well 
understood that the loading of power devices are disturbed by 
many factors of the converter system like grid, control, 
environment, etc., which emerge at various time-constants. 
However, the corresponding thermal response to these 
disturbances is still unclear, especially the transient behaviors 
until achieving the steady-state. As a result, a systematic 
modelling approach is proposed in this paper, which includes 
the large signal models of the converter system with both 
electrical and thermal parts, and the corresponding transient 
models under frequency domain are also extracted. Based on 
the proposed models, the bandwidths of the loss or thermal 
response to major disturbances in the converter system can be 
analytically mapped, enabling more advanced tools to 
investigate the transient characteristics of loss and thermal 
dynamics in the power electronics devices.   

I. INTRODUCTION  

Power electronics are being widely used in many 
important applications of energy conversion like renewable 
power generations, motor drives, transportations and data 
center. As a result, the reliability and cost requirements of 
these power electronics systems are getting more crucial [1]-
[3]. As one of the most expensive components and dominant 
heat sources, thermal issues of power semiconductors are 
especially important. It has been well known that the loading 
level of thermal stress in the power device is closely related 
to the energy conversion efficiency, component ratings, heat 
sink size, as well as the power density, which all determine 
the cost of the converter. Moreover, as reported in [4]-[7], 
the dynamical change of thermal stress in the power device 
(i.e. temperature swings) is even more problematic because it 
is one of the most critical causes of failure in power 
electronics devices. Consequently, correctly modeling the 
thermal behaviors, especially the transient characteristics of 
power device temperature is an important step to ensure a 
reliable and cost-effective converter design [1]. 

The modelling of complete thermal dynamics in power 
devices is still a challenging task, as the device loadings are 
closely related to the mission profiles of the converter, which 
includes multi-disciplinary models not only for electrical 
parts, but also for environmental conditions or even 
mechanical parts. As it is illustrated in Fig. 1, the main 

loading disturbances to the power device in a photovoltaic 
converter system are indicated. It can be seen in Fig. 1 that 
these disturbances emerge at very different time-constants 
ranging from microseconds (device switching) to years 
(ambient temperature changing), resulting in complicated 
thermal dynamics that is difficult to be predicted. It has been 
found that the existing loss and thermal models based on 
time domain seem to be not very suitable to investigate these 
complicated thermal transients: either very detailed models 
are applied but restrained to limited time-spans and small 
time-steps [8], [9], or only the steady-state conditions are in 
focus with a compromised accuracy of important thermal 
dynamics [10], [11].  
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Fig. 1. Typical disturbances to the loading of power devices in a 

photovoltaic system. 

Inspired by the sophisticated frequency-domain analysis 
in the control and electrical fields [12]-[14], a systematic 
thermal modelling approach is proposed in this paper. The 
large signal models of the converter system including both 
electrical and thermal dynamics are firstly established and 
correlated. Afterwards, the transfer functions from several 
critical disturbances to the loss and thermal responses are 
extracted based on the frequency domain analysis. Finally, 
the bandwidths as well as response time of the thermal 
transient caused by several typical disturbances in the 
converter system are analytically solved.   

II. LARGE SIGNAL MODEL OF WHOLE CONVERTER SYSTEM 
INCLUDING LOSS AND THERMAL DYNAMICS 

A PhotoVoltaic (PV) converter system is chosen to be an 
example to demonstrate the modelling process in this paper. 
As it is shown in Fig. 2, the basic structure and configuration 
of the generator and converter system are illustrated. The 



generator system, including the PV panels and  the 
Maximum Power Point Tracking (MPPT) algorithm [15], 
receives the inputs from the environment disturbances from 
solar irradiance Rsolar and ambient temperature Tamb, and then 
converts them to the PV panel output current ipv or input 
current iin to the converter. Meanwhile, the MPPT algorithm 
generate a reference DC bus voltage v*

dc as the control inputs 
to the converter system [14]. The converter system mainly 
absorbs the current generated from PV panels, and maintains 
the DC bus voltage as given by the reference v*

dc generated 
from the MPPT. In addition, the current iabc injected to the 
grid has to be synchronized with the grid voltage Eabc (Eg). 

It can be observed in Fig. 2 that the environmental 
disturbances Rsolar and Tamb are converted to iin and v*

dc as 
two inputs for the power converter system. The load current 
injected to the power grid iabc, as well as the actual DC bus 
voltage vdc are the outputs from the converter system. The 
detailed parameters of the converter are specified in Table I. 
It should be noted that only the filter inductance is 
considered for simplicity.  

  

 
Fig. 2. Configuration pf a typical PV generator with single-stage 

power electronics converter. 

 
TABLE I 

PARAMETERS OF THE CONVERTER SYSTEM FOR A CASE STUDY 

 
 
After the basic converter application is settled, each part 

of the converter system can be further modelled. In order to 
facilitate the transient and frequency domain analysis of the 
loss/thermal dynamics, a time domain large signal model of 
the entire conversion system is required, which should not 
only include the electrical parts of the converter circuit and 
the control system but also include the thermal parts of the 
power devices.  

A. Modelling of Electrical Part 
The electrical behaviors of the converter circuit can be 

represented as three differential equations shown in (1), in 
which the components in Fig. 2 are represented under the dq 
rotational reference frame [14] and the switching cycle 
average is applied to each of the component [12]. Thereby, a 
large signal model of the converter circuit can be derived, as 
it is shown in Fig. 3, where the inputs (blue) and outputs 
(red) of this model are indicated.  
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Fig. 3. Large signal model of the converter circuit (blue arrows: 

inputs of the model; red arrow: outputs of the model; duty ratio dd 
and dq, 0≤ dd ≤ 0.5, 0 ≤ dq ≤ 0.5). 
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Fig. 4. Large signal model of the control system (blue arrows: 

inputs of the model; red arrows: outputs of the model).  

The control part of the converter system is shown in Fig. 
4, where the id/iq decoupling and the ed/eq feed-forward are 
employed to improve the control dynamics [14]. A cascaded 
control structure is applied in the d-axis with the vdc control 
as the outer loop and the id control as the inner loop. The 
reactive power Q* and thus iq are normally control as zero in 
a grid-tied PV converter. Based on Table I, the current 
Proportional Integrator (PI) controller is tuned with a closed-
loop bandwidth of 3.3 kHz (KP_i = 102, KI_i = 6423), and the 
voltage PI controller is tuned with a closed-loop bandwidth 
of 555 Hz (KP_v = 9, KI_v = 2300). 
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B. Modelling of Loss Part 
As it has been investigated in [16]-[20], the power losses 

for the power semiconductor devices are composed of 
conduction losses and switching losses. When applying the 
switching cycle average, the conduction losses of power 
device can be calculated as:  

           
H L H Lcond@T /T cond@T /T abc abc abc( )p V i i d           (2)

 

where Vcond@TH/TL means the conduction voltage for transistor 
or diode at certain reference junction temperature TH or TL, 
and it can be found in the device datasheet or fitted with 
experimental tests by a function as: 

cond@T /TH L

H L H Lcond@T /T load cond0@T /T load( ) +( )BV i V i        (3) 

The switching losses of power device are calculated as: 

H L H Lsw@T /T sw@T /T abc( )sp f E i                    (4) 

in which fs is the switching frequency of the converter, 
Esw@TH/TL is the switching energy for transistor or diode at 
certain reference junction temperature TH or TL,  and it can 
be also found in the device datasheet or fitted with 
experimental tests by a function as: 

H L
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It is known that the loss characteristics of power semi-
conductor are of temperature dependency [16]-[20]. It is 
possible to include the junction temperature information into 
the power loss models. Considering the power loss is 
linearly distributed with the junction temperature, then the 
conduction or switching power losses for transistor or diode 
considering temperature dependency can analytically be 
solved by: 

H L

j L

con/sw@T con/sw@T
con/sw@T con/sw@T( )j L

H L

p p
p T T p

T T
    (6) 

Then the total losses on transistor or diode can be written as: 

jdevice@T con@T sw@Tj j
p p p                     (7) 

More details about the loss calculation can be found in 
[21], and then the large signal model for the device 
instantaneous loss can be formalized as the diagram shown 
in Fig. 5. 

C. Modelling of Thermal Impedance Part 
As detailed in [22], it has been found that both of the 

existing Cauer and Foster thermal networks have their limits 
to acquire the appropriate case temperature of the power 
device. Consequently, a new thermal model, which combines 
the advantages of these two thermal networks, is proposed in 
[22], and it is adopted in this paper.  

It can be seen in the thermal model shown in Fig. 6 that 
the used RC thermal network contains two paths. The first 
thermal path (Path 1) has faster thermal dynamics and is 
used for the junction temperature estimation. In this path the 
datasheet-based multilayer Foster thermal network inside 

power devices are adopted, and only a temperature potential, 
whose value is determined by the case temperature Tc from 
the other thermal path, is connected to the Foster network. 
The second thermal path (Path 2) has slower thermal 
dynamics, and is used for the case and heat sink temperature 
estimations. In this path the thermal network inside the IGBT 
module is just used for the loss filtering rather than for the 
junction temperature estimation, and the complete thermal 
network outside the IGBT module (i.e. thermal grease and 
heat sink) have to be included. It should be noted that the 
multi-layer Foster network inside the IGBT module is 
mathematically transformed to an equivalent single-layer 
Cauer RC unit (Zj-c), which takes the same time to achieve 
90 % steady-state junction temperature as the original multi-
layer does. 

Based on Fig. 6, the large signal model for the device 
thermal impedance can be also established, it can be 
formalized as the diagram shown in Fig. 7, where the 
inputs/outputs are indicated. 

D. Overview of the Whole Converter System for Transient 
Modelling 
When connecting the inputs/outputs of the established 

large signal models for the control, circuit, loss and thermal 
parts, the whole converter system can be combined and 
simplified as the diagram shown in Fig. 8. According to the 
loss calculations shown in (2)-(7), it is noted that there is no 
differential function in the large-signal instantaneous loss 

Fig. 5. Large signal model for device loss. 

 

Fig. 6. Used two-path thermal model for power device. 

 

pdevice@Tj

ddq

+

pcon@Tj

+

dabc

Vcon@TH

Vcon@TL
Function

dq
abc

iabc

dq
abc

idq

Esw@TH

iabc

vdc fs

pcon@TH

pcon@TL

psw@TH

psw@TL psw@Tj

Tj

Tj

Function
2

Function

Function

θ 

Esw@TL

Tj

multi-layers Foster Zj-c

Loss

THTc

Thermal
Grease

Tref

Heat sink

equivalent 1 layer Cauer Zj-c

Pout

Tref
Pin

IGBT module

IGBT module

Pin …

Path 2 from
other devices

Loss

TAPath 2
Slow dynamic

Path 1
Fast dynamic



models, and thereby the loss models can be treated as a 
nonlinear gain without any delays in the signal flow of Fig. 8. 
As a result, the electrical domain models and thermal domain 
models can be bridged together, and therefore it is possible 
to establish the relationship between various disturbances in 
the converter system to the temperature response in the 
power devices.  

In Fig. 8, the signal propagation and feedbacks can be 
clearly mapped as follows. Firstly, the control part receives 
the electrical feedbacks and references to generate the duty 
ratio for the converter circuit. The circuit model converts the 
duty ratio to a series of electrical parameters, which can be 
transferred to the instantaneous power losses ploss of the 
device by the loss model. Then, the thermal impedance 
model transfers the power losses into the temperature rise of 
the device, by combining the ambient temperature. Finally, 
the power device temperature can be acquired. It is clear to 
see that the reference DC bus voltage from the MPPT 
algorithm v*

dc, the input current to the converter iin, and the 
ambient temperature Tamb (i.e. Tambient in Fig. 8) are the major 
disturbances to the device temperature. 

III. FREQUENCY-DOMAIN MODELLING OF THE MAJOR 
DISTURBANCES TO THE DEVICE LOSS AND THERMAL 

DYNAMCIS  

After the large signal models of the whole converter 
system are established, it is possible to use the frequency 
domain models to analyze the transient characteristics of 
both the loss and thermal dynamics. The target is to establish 
the transfer function from the major thermal disturbances to 

the device temperature response. However, because the 
nonlinear gain of the loss part shown in Fig. 8 is difficult to 
be linearized, the transfer function is then split into two parts: 
(a) from major disturbances to the loss related electrical 
parameters as the first part and (b) from the loss to the device 
temperature as the second part. 

A. Transfer Functions in Electrical and Control Parts
When looking at the loss model shown in Fig. 5, the 

critical parameters in the electrical domain related to power 
loss of the device are the duty ratio dd, the load current id and 
the DC bus voltage vdc. By combining and linearizing the 
circuit and control models shown in Fig. 3 and Fig. 4 
respectively, the frequency domain transfer functions of the 
electrical system can be simplified as the block diagram 
shown in Fig. 9. 
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Fig. 9. Complete control diagram combining Fig. 3 and Fig. 4 in 

frequency domain (blue: disturbances, red: loss-related parameters). 

According to Fig. 9, the transfer function from the 
disturbance v*

dc to the loss-related parameters dd, id and vdc 
can be written as the following three functions in the 
frequency domain:  
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Similarly, the transfer function from the disturbance iin 
to the loss-related parameters dd, id and vdc can be written as 
the following three functions in the frequency domain:  
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Therefore, the closed-loop transfer functions dd (s)/i*

d (s) and 
id (s)/i*

d (s) can be written as, 

Fig. 7. Large signal model for the thermal impedance shown in 
Fig. 6. 

 
 

 
Fig. 8. Overview of the models in an entire PV converter system. 
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Then, Fig. 10 shows the frequency response of the above 
established transfer functions. It can be seen in Fig. 10 that 
the disturbances to the electrical parameters has quite 
different transient characteristics. The corresponding filter 
type, bandwidth and time domain behaviors in response to 
step changes of the six established transfer functions are 
summarized in Table II.        
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Fig. 10. Frequency response of the transfer functions from 
electrical disturbances to loss-related electrical parameters: (a) 
disturbance of DC bus input current iin and (b) disturbance of 

reference DC bus voltage v*dc. 

B. Transfer Function in the Thermal Impedance Part 

According to the established thermal impedance model 
shown in Fig. 7, the transfer function from device power 
loss pdevice to the heat sink temperature Th, case temperature 

Tc, and junction temperature Tj can be written as the 
following three functions: 

2

( ) 1( )
(s) ( ) 1 1

( ) ( ) 1

device h

h ha
p T

device jc ch jc ha ha

ha

jc ch ha jc ha jc jc ch jc ha ha

T s RG s
p R R C s R C s

R
R R R C C s R C R C R C s

( ) (
h ha( )T s R( ) 1h ( ) 1

p (s) ( 1ch jc ha ha) 1ch jc ha ha) 1) 1 1
ha

) 1

( 2) ( ) 12
ha

ch ha jc ha jc jc ch jc ha ha) () ( )) ( )2) (
(16) 

( )( ) ( )
(s) ( ) 1device c device h

c ch
p T p T

device jc ch jc

T s RG s G s
p R R C s

( )
vice h

h
vice h

T s R( )( )( ) ((( )( )
p (s) ((s) ((s) ( 1ch jc)ch jc))) 1 dev1 dev1)))  

(17) 

_
1

_

1 _ _

( )
( ) ( ) ( )

(s)

               ( )
1

device j device c

device c

n
j

p T jc k p T
kdevice

n
jc k

p T
k jc k jc k

T s
G s G s G s

p
R

G s
R C sjc _

( )
device cdevice cdev

((
( )( )

(s)(s)
j

(s)
T (j ( )

p

( )
device cdevice c

((
1s 1 dpds

k

n

1

( )_

n

( )_ ( )( )( )( )__

k jc kk Ck jc k1 jcRjcj

n Rn
jc k_R

R CR ss

             (18) 

Subsequently, the frequency response of the established 
transfer functions (i.e., (16), (17), and (18)) can be obtained 
as shown in Fig. 11, where the loss disturbance to the 
temperature rise Tjc and Tch are also indicated. Compared to 
the device temperature levels Tj and Tc, the temperature rises 
of the device ∆Tjc and ∆Tch have relative simpler dynamical 
behaviors, which can be considered as a lower pass filter. 
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Fig. 11. Frequency response of the transfer functions from the 

device power loss to the device temperature. 

TABLE II 
CHARACTERISTICS SUMMARY OF DIFFERENT DISTURBANCES 

TRANSFER FUNCTIONS (FREQUENCY RESPONSE) 

 
* Frequency when the amplitude has a 3 dB reduction from  
   The maximum amplitude.  

 



It should be noted that, because the ambient temperature 
disturbance is directly added to the device temperatures, the 
transfer function from ambient temperature Tamb to the heat 
sink temperature Th, the case temperature Tc, and the 
junction temperature Tj  are equal to one as,  

( )( ) ( ) 1
(s) (s) (s)

jh c

a a a

T sT s T s
T T T

( )( ) 1
(s) (s)

jc T (j((
(s)(s)

                     (19) 

IV. VALIDATION AND APPLICATION 
Based on the acquired bandwidths of various loss and 

thermal dynamics, the response time ranges of various 
control, loss and thermal dynamics can be estimated. It is 
assumed that the equivalent time constant of a transfer 
function can be calculated by: 

1
2 min( , )bH bHf f22 HH ,min( bHfbHmminm                          (20) 

Then, the time for the transfer function to have a significant 
response after the disturbance can be calculated as: 

start 0.1t 0.1                                    (21) 

Moreover, the time for the transfer function to come into the 
steady-state after the disturbance can be calculated as: 

steady 2 2.2t 2 2.2                                 (22) 
Then the response time ranges of various control and 

thermal behaviors to the corresponding disturbances can be 
calculated and mapped as shown in Fig. 12, in which the 
parameters can be found in Table III. It is noted that, 
because the loss is just a nonlinear gain without time delays 
to the electrical parameters, the response time ranges of 
power loss should be equal to the control response time. 

As it can be seen in Fig. 12, the dynamical response of 
the loss and thermal behaviors has a clear sequence.  
Assuming the a disturbance happened at 0 s, the switching 
transient will first be in progress, and then the electrical 
parameters as well as power loss start to have a significant 
response until the steady-state. Finally, the temperature rise 
of the device will start to response and require the longest 
time to achieve the steady-state in the system.  

1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03
Response time ranges (s)

line freq.Sw. freq.

iin_dd

iin_id
iin_vdc

vdc*_dd

ploss_ΔTjc

ploss_ΔTha

vdc*_id
vdc*_vdc

C
on
tr
ol
/L
os
s

R
es
po
ns
e

Th
er
m
al

R
es
po
ns
e

Sw. transiant

Disturbances
happened at 0 s

ploss_ΔTch

 
Fig. 12. Calculated time ranges of various responses caused by step 

disturbances of iin or v*dc. 

TABLE III 
TIME PARAMETERS IN FIG. 12 

 

In order to validate the analysis for the converter system 
in terms of transient responses, a time domain simulation is 
conducted, which is based on the conditions shown in Table 
I. It is assumed that a step disturbance of the input current iin 
happens at 1 s, with an amplitude increase from 0.2 p.u. to 1 
p.u. The corresponding electrical and loss dynamics are 
shown in Fig. 13. It can be seen in Fig. 13 that the 
dynamical response time ranges of the electrical parameters 
are in consistency with the calculated values shown in Table 
III.  In addition, the response time of the power loss is the 
same as that of the electrical parameters (e.g. vdc). 

Based on the same step disturbance of iin, the correspo-
nding loss and thermal dynamics are shown in Fig. 14. It 
can be seen that the response time ranges of the thermal 
dynamics are also in agreement with the calculated values 
shown in Table III, which has much longer response time 
compared to the electrical and loss behaviors.  

 
Fig. 13. Time domain simulation of the electrical and loss 

responses to a step disturbance of iin (step starts at 1 s). 



 
Fig. 14. Time domain simulation of the loss and thermal responses 

of transistor to a step disturbance of iin (step starts at 1 s). 

V. CONCLUSIONS  

A systematic modelling approach has been proposed in 
this paper, which includes the large signal models of the 
converter system with both electrical and thermal parts. The 
corresponding transient behavior models in the frequency 
domain are also extracted, which enables a transient analysis 
of both power losses and thermal dynamics in the power 
semiconductor devices. Based on the proposed models, the 
bandwidths of the loss and the thermal response to the major 
disturbances in the power converter system can be analytic-
cally mapped, and consequently, more advanced tools to 
investigate the transient characteristics of loss and thermal 
dynamics in the power electronics devices can be developed. 
A case study on a 10 kW single-stage grid-connected PV 
inverter system has been adopted to illustrate the application 
of the proposed systematic modelling approach. The results 
have demonstrated that, the models established in this paper 
can effectively reflect both the steady-state and transient 
behaviors of the converter circuit, the control system, and the 
power devices (losses and temperature), which thus can be 
adopted for the design of reliable and robust power 
electronics converter systems.  
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