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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
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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 Rsoler and ambient temperature Tamb, and then
converts them to the PV panel output current #,, or input
current i;, to the converter. Meanwhile, the MPPT algorithm
generate a reference DC bus voltage v'qc 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 V4. generated
from the MPPT. In addition, the current i.. injected to the
grid has to be synchronized with the grid voltage Eupc (Ey).

It can be observed in Fig. 2 that the environmental
disturbances Rslar and Tump are converted to i and v'ge as
two inputs for the power converter system. The load current
injected to the power grid iu., as well as the actual DC bus
voltage v, 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.
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Fig. 2. Configuration pf a typical PV generator with single-stage
power electronics converter.

TABLE [

PARAMETERS OF THE CONVERTER SYSTEM FOR A CASE STUDY
Rated DC bus voltage V. 700 V DC
DC capacitance Cg. 3300 pF
Rated power P, eq 10 kW
Voltage of grid £, 220 Vrms
Fundamental frequency f, 50 Hz
Switching frequency £ 20 kHz
Filter inductance Ly 8.2 mH
Converter topology 3-phase 2-Level
IGBT module (1200V/50A) FF50R12RT4

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 dg
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 du
and dy, 0<ds<0.5,0 <dy;<0.5).

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 is/i, decoupling and the ed/e, feed-forward are
employed to improve the control dynamics [14]. A cascaded
control structure is applied in the d-axis with the v4 control
as the outer loop and the i; control as the inner loop. The
reactive power Q" and thus i, 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 ;= 102, K; ;= 6423), and the
voltage PI controller is tuned with a closed-loop bandwidth
of 555 Hz (Kp v=9, K; ,=2300).



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:

p cond@Ty; /Ty, = Vcond@TH /Ty (iabc) ’ iabc ’ dabc (2)

where Veond@rr/rr means the conduction voltage for transistor
or diode at certain reference junction temperature 7y or 77,
and it can be found in the device datasheet or fitted with
experimental tests by a function as:

. _ . Beond@ry
Vcond@TH m (loaa) = Vcondo@TH m, Hligaa) o 3)
The switching losses of power device are calculated as:
p sw@Ty /Ty = ]Fs ' ESW@TH /Ty (labc) (4)

in which f; is the switching frequency of the converter,
Esw@rrm 1s the switching energy for transistor or diode at
certain reference junction temperature 7y or 77, and it can
be also found in the device datasheet or fitted with
experimental tests by a function as:

ESW@T”/TL (iabc) = (VVi)K I:Sl : (iabc)2 + SZ : iabc + SS] (5)
test

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:

p _ p con/sw@Ty; w4 con/sw@T;
con/sw@T;
T,-T,

: (T} - TL) + pcon/sw@TL (6)

Then the total losses on transistor or diode can be written as:
P device@T; =D con@T; + P, sw@T; (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 I) has faster thermal dynamics and is
used for the junction temperature estimation. In this path the
datasheet-based multilayer Foster thermal network inside
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Fig. 6. Used two-path thermal model for power device.

equivalent 1 layer Cauer Z;..

power devices are adopted, and only a temperature potential,
whose value is determined by the case temperature 7. 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 (Z..), 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
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Fig. 8. Overview of the models in an entire PV converter system.

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 instantancous power losses piss 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’ the input current to the converter i, and the
ambient temperature Tomb (i.€. Tambientin 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 dg, the load current iy and
the DC bus voltage v4. 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.

Giner

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"4 to the loss-related parameters dy, iz and v
can be written as the following three functions in the
frequency domain:

d,(s) G (5)G, ., ,(5)

0 ® 194G, (6, (GG
i,(s) Gy, (9)- Gfﬁ{*,-dic,(s) 0
S 114Gy ()G, ():Gy(5)-G(s) ©)
W) O )Gy OGS G

v ) 1+G, (-G (9):Gy(8)-G,,(5)

Similarly, the transfer function from the disturbance i,
to the loss-related parameters dy, iy and v, can be written as
the following three functions in the frequency domain:

d,(s) Gep(8)- Gy ()G, ,(5)

® 14G,()Gy (G, (G
W GG, (9:G, ) ;
(6 116, Gy ()G, (Gl
ve(s) Gy (®)

i) 146G, (9)-Gy (9G. ()G )

Therefore, the closed-loop transfer functions du(s)/i*4(s) and
i4(s)/i"4(s) can be written as,



()= dﬂi(s) Gy () Gpypy ()

i, el i, (s) 1+G, l(S) Grpn (8)-G,, (5)- ﬂm(s)
(14)

()= a0 O i) Gy ()G (9) Gy (9)

i)y el id*(S) 14+Gpy (8 Gpyy (5)- G, () -Gy, (5)
(15)

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 ii» and (b) disturbance of
reference DC bus voltage V.

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
10sS pdevice to the heat sink temperature 7;, case temperature

TABLE I1
CHARACTERISTICS SUMMARY OF DIFFERENT DISTURBANCES
TRANSFER FUNCTIONS (FREQUENCY RESPONSE)

Disturbance | Response Ft;l:::r L‘)(V;i:;},nd Hi'(g]]_;:;:nd St:zhr::::) t:se
dy Band pass 262 2976 Rise and fall
iin iy Low pass NA 403 Rise
Ve Band pass 36 384 Rise and fall
dy High pass 1277 NA Step and fall
Vu* iy Band pass 262 2976 Rise and fall
Vie Low pass NA 403 Rise

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

T, and junction temperature 7; can be written as the
following three functions:

(S) T;: (S) . 1 Rha
Pl pdevice (S) (ch + Rch ) : Cic .S +1 R/za ' C/za - +1
—_ Rha
(ch + Rc/z )RllquLC/Id S2 + (chcju + RL/IC_/L + Rhucha) ) +1
(16)
T (s R,
PdvT(): C() = < Pd Th()
o pdevice (S) (ch + Rch ) ) Cjc -8 +1 e
(17
PdeviceTj ( ) - ( ) Z Je /f(s) + Gpdewa; (S)
Paevice k=1 (18)

= Z R C pdewceTc (S)

je_k>je_k S+1

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 7j. and T are also indicated. Compared to
the device temperature levels 7; and T, the temperature rises
of the device AT}, and AT,; 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.



It should be noted that, because the ambient temperature
disturbance is directly added to the device temperatures, the
transfer function from ambient temperature 7..» to the heat
sink temperature 7j, the case temperature 7., and the
junction temperature 7; are equal to one as,

L) _T() _T)
T(s) T,) T,65)

(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
T="—"" . . <
2mw-min(f,y, fon)

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

Lo =0.17 21

start

(20)

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

lyeady = 2X2.2T (22)

steady

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.
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Fig. 12. Calculated time ranges of various responses caused by step
disturbances of iin or V4.

TABLE III
TIME PARAMETERS IN FIG. 12
Dis. to Res. Yotare (S) Leonstant (S) Ereaay (S)
i to dy 6.6e-5 6.6e-4 2.9¢-3
1in 10 Iy 5.0e-5 3.9¢-4 1.7e-3
Iin 1O Ve 4.9¢-4 4.9¢-3 2.2e-2
Ve to dy 5.0e-5 1.3e-4 5.5e-4
Ve 10 iy 6.6e-5 6.6e-4 2.9e-3
Vie 10 Vg, 5.0e-5 3.9¢-4 1.7¢-3
Dloss 10 AT, 5.4e-3 5.4e-2 2.4e-1
Pioss t0 AT, 1.5e-2 1.5e-1 6.7e-1
Pross 10 4Ty | 1.2€01 1.2¢02 5.3e02

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
L. It is assumed that a step disturbance of the input current i,
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. vac).

Based on the same step disturbance of i, 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.

Input current lin (A)

20

lin (A)

Duty ratio in d axis Dd (p.u.)

Dd (p.u.)

Load current in d axis Id (A)

Id (A)
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ES
®? 50—
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time (s)

Fig. 13. Time domain simulation of the electrical and loss
responses to a step disturbance of iin (step starts at 1 s).
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Fig. 14. Time domain simulation of the loss and thermal responses
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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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