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ABSTRACT Multilevel inverter structures have become an interesting substitute for the well-known two-
level inverters in a variety of applications due to their exceptional characteristics when compared to
conventional inverters. One major issue regarding multilevel structures is the unequal junction temperature
of the switches which deteriorates the power density and increase the cost of the inverter by reducing the
maximum achievable output power with a given thermal model and cooling system. Hence, on account of
the aggressive goals of power density and cost in a majority of power electronic applications, this article
proposes a new technique for reducing the maximum junction temperature of switches in a three-level
active neutral-point clamped (ANPC) inverter based on a junction temperature estimation method and a
modified SPWM control scheme. This technique can ensure up to a 12% rise in the power density value
when compared to basic SPWM techniques with no loss distribution algorithm. Moreover, the suggested
approach can be used as a protection stage in the inverter which protects the inverter in transient loads, while
allowing for reaching the maximum power capability of the inverter. Finally, the simulations of the proposed
technique are validated with experimental results of a 400 V, 20 kW three-level ANPC inverter, controlled
by the conventional and proposed techniques.

INDEX TERMS Electric vehicles, junction temperature, multilevel structures, power density, sinusoidal
pulse width modulation (SPWM), three-level ANPC inverter.

(Senior Member, 1IEEE),

I. INTRODUCTION

Multilevel inverters (MLIs) have been offered as an interesting
replacement for their well-known two-level counterparts in
many industrial applications. Their outstanding advantages
over the two-level structure are lower voltage and current
THD, lower voltage stress over the switches, lower fl—'t’, and
fault-tolerance capability [1]. These exceptional benefits help
using faster low-voltage switches in applications with a high
voltage DC-link. For instance, as the battery voltage of electric
vehicles is getting closer to 1 kV, multilevel structures enable
lower-voltage GaN or SiC devices to be used in the inverter
structure while ensuring a low ‘;—? and high reliability.

Various applications of three-phase inverters have a variety
of requirements. However, high power density and low
cost are essential to most applications, such as traction
inverters [2], [3] in which the power density has become
an important criterion where the goal for electric vehicle
inverters in 2025 has been set to 100 l% which is 87% higher
than the former goal for 2020 [4]. Therefore, efforts have
been made in both electrical and mechanical design stages of
power electronic inverters in many applications.

One major limiting factor for having power-dense power
electronic converters is the unequal maximum junction tem-
perature among the power switches. This unequal junction
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temperature is a result of first, different energy loss in each
switch, and second, unequal case temperatures and unsym-
metrical thermal models. This issue needs even more attention
in case of multilevel inverters, where the number of switches
has increased compared to the conventional structures. In
case of a three-level neutral point clamped (NPC) inverter,
the number of semiconductor devices has increased from 6
to 18. An NPC inverter suffers from a lack of flexibility in
distributing the power loss in the switches. This drawback
leads to some switches being the limiting factor for increasing
the power rating of the inverter while the other switches are
not utilized with their maximum capability [5].

The three-level Active NPC (ANPC) structure, which is the
focus of this article, has managed to solve the aforementioned
power loss sharing issue by employing two different modula-
tion techniques, called modulation patterns I and II [6], [7]. In
pattern I, most of the switching loss is dissipated in the outer
switches of each leg. On the other hand, in pattern II mod-
ulation scheme, the switching losses are moved to the inner
switches. However, employing patterns I or II for the whole
period will not address the issue of unbalanced loss since
the majority of switching loss is transferred to either outer
or inner switches and there is no active balancing algorithm.
Therefore, there are some research studies on the methods for
employing the best combination of the two patterns, as well
as modifying the inverter structure.

In [8] and [9], hybrid ANPC structures are investigated and
compared to each other in terms of power loss sharing. In
a hybrid structure, inner or outer IGBTs are replaced with
SiC MOSFETs with low turn-on/turn-off losses. The proper
modulation pattern is then utilized to ensure that the switch-
ing loss occurs in the low-loss SiC devices. Although the
hybrid structures have proven to increase the power density
and decrease the junction temperature gap in certain operating
conditions, there is no temperature balancing algorithm which
aggravates the temperature gap when the operating condition
of the inverter varies.

Another modulating strategy, called double-frequency (DF)
modulation, is investigated in [6]. With the DF modulation
method, switching events happen evenly among the inner and
outer switches. Hence, switching loss is equally distributed.
However, the conduction loss is higher in inner switches than
in outer switches which turns the inner switches to the in-
verter’s hotspot. There is no temperature balancing algorithm
to control the distribution of the instantaneous energy loss
in the semiconductors. Also, this method does not consider
the inverter’s electro-thermal model and unbalance in the case
temperatures of the switching devices.

A loss balancing algorithm is proposed in [10], named an
adaptive loss distribution (ALD). In this method, the conduc-
tion losses of the inner and outer switches are derived based
on the operating conditions of the inverter, mainly the power
factor and modulation index. Based on the gap between the
switches’ conduction losses, a switching loss distribution ratio
is derived which controls the modulation modes. Although
this method proves to be more efficient in temperature bal-

ancing, its drawback is that the thermal models of the switch
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and inverter are not employed for temperature estimation.
Without utilizing the online temperature estimation, although
the losses can be distributed evenly over a period of time, the
gap between instantaneous junction temperatures in transient
conditions can not be reduced effectively. Another drawback
of the proposed modulation method is that the difference in
the case temperatures of the switches in an actual inverter leg
is not taken into account.

A more advanced junction temperature balancing is pro-
posed in [11] and [12], where the switch foster thermal model
is employed for online junction temperature estimation. The
idea in [11] is to optimize the distribution of the power loss
in each switching cycle by using the calculated instanta-
neous power loss and the foster equivalent network. Although
this method is more effective than the previously discussed
approaches, its main drawback is the extremely large compu-
tations required during each switching period which makes
it impractical to go to high switching frequencies, especially
when high-level foster networks are employed. The exper-
imental tests in [11] are performed at the low switching
frequency of 1 kHz. Also, the variations in the case tem-
peratures of switches in an actual high-power setup are not
considered.

Some studies in the literature have proposed model-
predictive control (MPC) for the three-level ANPC where
junction temperature balancing is added as an additional
objective term to the cost function [13], [14]. One major draw-
back of using this control method for junction temperature
balancing is the large computation burden when the temper-
ature estimation is going to happen at each switching cycle.

In this article, an adaptive SPWM technique is proposed
for minimizing the hotspot temperature in a three-level ANPC
structure. After presenting a loss model for this topology, a
thermal model will be presented for the inverter. The electro-
thermal model includes two parts. First, the heatsink’s model
is extracted with some experimental tests, and second, a
second-order foster equivalent thermal network is used to
estimate the device’s junction temperature. The junction tem-
perature estimation is performed in the intervals of Ty, to
ensure a limited gap between the junction temperatures of the
devices. Using this method, the power density of the three-
level inverter can be improved considerably without adding
any complexity to the inverter hardware. Moreover, an in-
vestigation of the sensitivity of the proposed method on the
thermal parameters is performed. The presented method is
then verified using a 400 V, 20 kW three-level ANPC inverter.

The structure of the article is as follows: The three-level
ANPC inverter structure as well as the electro-thermal model
is introduced in Section II. The proposed control technique
is presented in Section III, where the thermal interval, 7, is
calculated first, and then the case and junction temperature
estimation method is explained. A sensitivity analysis is per-
formed in Section IV, where the sensitivity of the proposed
control technique is evaluated with regard to the uncertainties
in thermal parameters. The simulation results which compare
the proposed technique to the previous methods are presented

in Section V. These results are validated in Section VI with a
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FIGURE 1. The structure of a three-phase, three-level ANPC.

FIGURE 2. Different operating modes in one leg of ANPC inverter.

400V, 20 kW experimental setup in different load conditions.
Finally, the conclusion is presented in Section VII.

Il. INVERTER STRUCTURE AND ELECTRO-THERMAL
MODEL

The structure of a three-phase, three-level ANPC inverter is
shown in Fig. 1. Two clamping diodes in each leg of an
NPC inverter are replaced with active switches in a three-
level ANPC structure. This replacement gives the converter
the flexibility to choose the switching state “O” in each leg
between two options, “OT” and “O~” as shown in Fig. 2.
Utilizing either of the options for the transitions to/from “O”
state does not affect the output voltage and current waveforms
since the output is only responding to the state of the legs,
not the transitions. However, selecting the proper “O” state
can alter the energy dissipation in the switches of each leg.
In this section, first, the effect of each switching state “O”
on loss distribution is investigated. Then, a loss model for
three-level ANPC is derived which is used in the following
sections for junction temperature estimation. Additionally, the
thermal model of the inverter is investigated.

A. POWER LOSS DISTRIBUTION
In a single leg of a three-level ANPC inverter, which is shown
in Fig. 2, “O%” switching state is realized through Q, and

VOLUME 3, 2022

Qs switches. On the other hand, “O~” switching state can
be achieved through Q3 and Qg switches. In this article, the
term “Pattern I” is used when the outer switches (Q1 and Q4
in leg A) are used for switching to/from “O” state. On the
other hand, the term “Pattern II” refers to inner switching (Q>
and Q3 in leg A). Hence, considering a transition from state
“P” to state “O” in leg A with pattern II, Q> must turn off
and Q3 must turn on with the appropriate deadtime. Then,
the current path is redirected from Q7 and Q> to Q3 and Qs.
A reverse process can be used for transition from state “O”
to state “P”. In transitions between states “P” and “0,” the
switching energies is dissipated in Q; and Qs if pattern I is
utilized and in Q, and Q3 if pattern II is employed. The same
analysis can be performed for transitions from state “N” to
state “O”.

As discussed briefly in the introduction, this feature in
a three-level ANPC structure results in extra flexibility in
loss distribution. To have a smart junction temperature min-
imization, the loss distribution must be in accordance with
the junction temperatures of the switches. Therefore, the
electro-thermal model of the inverter is essential for an ef-
fective minimization of junction temperatures. Utilizing the
converter’s thermal model avoids adding complexity and cost
to the hardware since it does not require the addition of any
temperature sensors to measure the case temperatures.

B. LOSS MODEL

Derivation of a loss model is essential for estimating the loss
values of the MOSFETs in each operating condition. A precise
loss model gives accurate loss values while increasing the
required calculations in the controller which makes it im-
practical. Therefore, a trade-off between higher computational
burden and higher inaccuracy is inevitable.

1) CONDUCTION LOSS
The conduction loss in a power MOSFET can be calculated
with the well-known resistive loss equation, (1).

Pcan,Qx = Ron,Qx X (Irzms,Qx) M

The main elements in determining the conduction loss of
MOSFETs are the on-resistance, Rys 0, and RMS current,
I;ms. Variations of the resistance versus junction temperature
can be approximated by a quadratic equation as (2). The ap-
propriate coefficients, p1, p2, and p3, can be extracted using
MATLAB curve fitting tool and the Ry, », graph in the MOS-
FET datasheet.

Ronpu(T) = p1 T* + 02 T + p3 )

To calculate the RMS current of the MOSFET, two ap-
proaches can be taken based on the output fundamental
frequency of the inverter, f,. If the time period of the output

waveform, —, is larger than the thermal time constant of the
o
junction temperature, the RMS current in each fundamental

period can be used as a constant current value for junction
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TABLE 1. Conduction Energy Losses, Eco,, in a Period of 7, in Leg a
Switches

Conduction Loss for 0 < D, < 1
Switch Pattern 1 Pattern 11

Q1 D * Rys 1+ I? =Ty, D * Rys 1+ I? x Ty,
Q2 Ras2+ I?x Ty, Dq * Rys o x 12 Ty,
Q3 0 (1= Dq) * Ras,3 1% Ty,
Q4 0 0

Q5 (1- Da)*RdS,s*IQ*TL 0

Q6 0 (1= Dg) * Rgsp* 12+ Ty,

temperature estimation. This approach is most useful in esti-
mating the temperature in different locations on the heatsink
which have a large thermal time constant. Equation (3) is used
to derive the RMS current in one fundamental period for each
switch in leg A.

2

i2
— i~ dot
27 Jo O«

1 2
= —/ Dy (1) i2 dwt
2 0 (3)

where D, (¢) can be derived based on the conduction periods
of the switch Q. As an example, for Q1, (4) can be written:

Msin(wt), sin(ewt) > 0 V2V,

Di(t) = { 0, sin(wt) <0’ M= Vis/2 @

Irms,Qx =

Using (3) for all the switches in leg A, the RMS currents
can be derived as (5):

M 1
Lrms, 014 = Irms ~ 1+ 3 cos2¢
I

rms

Irms,Q2,3 = E
1 M
Lmsgss = 22 /2 — 2 (3 4 cos(2¢))
o JTV2 3 (5)

It has to be noted that while the switching patterns change
the instantaneous energy loss distribution, the RMS current
over a period remains similar. Therefore, (5) is valid for both
patterns.

Although simple, this approach cannot model the fast tem-
perature changes of the junction temperatures. Therefore, a
second approach is taken to calculate the power loss in time
periods smaller than the time constant of junction tempera-
tures. In the second approach, the conduction energy loss in a
period of 7 is calculated based on the measured phase current
at each point as summarized for one case in Table 1 where
D, = M sin(wt).
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FIGURE 3. Modulating wave and current waveform in one output
fundamental period.

2) SWITCHING LOSS

Based on the signs of the modulating and current waveforms
shown in Fig. 3, each fundamental period can be divided into
four regions. The energy losses per each P— O — P or N —
O — N transition can be found in Table 2 for each of the four
regions. Some minor loss components, such as the MOSFET
internal gate resistance loss, are ignored.

The turn on and turn off switching energies, E,, and E,y,
as well as reverse recovery energy, E,,, are functions of volt-
age, current, and temperature. The dependence of switching
energies on current and temperature can be approximated by
cubic and quadratic equations, respectively. The correspond-
ing coefficients can be extracted using the curve-fitting tools.
Also, the MOSFET’s output capacitor energy loss, E;, IS a
function of the voltage on the switch before the turn-off mo-
ment. By knowing the adjusted values of turn-on and turn-off
energies, Table 2 lists the power loss value for each of the
switches in leg A.

3) TOTAL LOSSES

Table 3 summarizes the total amount of power loss in each
semiconductor in leg A based on the operating region and used
patterns in which E;,y = Eop + Epfp + Eopgy.

C. THERMAL MODEL

Derivation of a thermal model for the three-level inverter is
divided into two steps according to the thermal time constants.
In modeling the temperature difference from MOSFET’s case
to junction, the case temperature is assumed to be constant
since it has a much larger time constant. On the other hand,
the heatsink model is derived separately to estimate the case
temperatures for all MOSFETs.

1) JUNCTION TO HEATSINK THERMAL MODEL

Traditionally, two types of equivalent thermal networks have
been used to model semiconductor devices. Foster and cauer
networks, shown in Figs. 4 and 5, can be used to estimate the
junction temperature when the case temperature and power
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TABLE 2. Switching Energy Loss, Es,, in a Single Transition for Switches in Leg a

Ry, (P—- 0O — P) Ry, (N —- 0O — N)
Switch Pattern 1 Pattern II Pattern 1 Pattern II
Ql Eon+Eoff+Eoss 0 0 0
Q2 0 Eon+Eoff+FEoss 0 Err
Q3 0 Ery 0 Eon+Eofs+Eoss
Q4 0 0 Eon+FEoff+Eoss 0
Q5 Ery 0 0 0
Q6 0 0 E,r 0
Ry ,(P—0O—P) Rz, (N —- 0O — N)
Switch Pattern 1 Pattern 1T Pattern 1 Pattern 1T
Ql Err 0 0 0
Q2 0 Err 0 Eon+Eop5+Foss
Q3 0 Eon+Eoff+FEoss 0 Ery
Q4 0 0 Err 0
Q5 Eon+Eofs+FEoss 0 0 0
Q6 0 0 Eon+Eops+FEoss 0

TABLE 3. Total Losses in Leg a Switches

Total power Loss for switches in leg A
Ro> Ry
Switch Pattern 1 Pattern 11 Pattern 1 Pattern 11
Ql DRgs 112 + fsw(Etot) DRgg 112 0 0
Q2 Ras2I? DRys 2I% + fsw(Etot) 0 (1= |D)Ras,212 + fow(Err)
Q3 0 (1 - D)Rals,SI2 + fsw(Err) Rds,312 |D|Rds,312 + fsw(Etot)
Q4 0 0 ID|Ras 412 + fsw(Etot) |D|Rgs,4I?
Q5 (1 = D)Ras,51% + fsw(Err) 0 0 (1= D) Ras 517
Q6 0 (1 D)Ray 612 (1= D) Ray 612 + fou(Err) 0
Rl RS
Switch Pattern 1 Pattern II Pattern 1 Pattern 11
Ql DRys1I? + fsw(Err) DRy, 112 0 0
Q2 Rys 212 DRys 21% + fow(Err) 0 (1= |D)Ras,212 + fsw(Etot)
Q3 0 (1 - D)Rcls,:il2 + fsw(Etot) Rcls,SI2 |D|Rds,312 + fsw(E'rr)
Q4 0 0 |D|Ras al? + fsw(Err) |D|Rgs, 4T?
Q5 (1 — D)Rys 512 + fsw(Etot) 0 0 (1 = |D))Rgs,51?
Q6 0 (1 _D)Rds¢612 (1 - |D‘)Rds¢612 +fsw(Etot) 0
Ry R Pioss T. Ry,
—>» =

Ploss Tj
Can Can Ty

FIGURE 4. Second-order foster thermal equivalent network.

loss values are known. While the equivalent voltage of each
node in the cauer network indicates the actual temperature
of a MOSFET layer, the RC blocks in the foster network do
not have physical meaning and can only be used for junction
temperature estimation [15]. Foster network is chosen in this
article due to its more simple calculations. Assuming a first-
order foster network with a single RC block, the junction to

case temperature, AT} after a period of 7;;, with power loss P
VOLUME 3, 2022
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~ AN AN
J_Cthl J_Cthz T,
1l 1

FIGURE 5. Second-order cauer thermal equivalent network.

is estimated as (6) [13]:

T —T,

A]}(C{O'FT;/J:RM * (1 — e(%)) * P—|—<e<RmC1h)> * AT](CTO)

(6)

Then, by adding 7. to AT}, junction temperature, 7, can
be obtained.

Although the first-order foster network gives an estimate

of the junction temperature of the semiconductor, it can not
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accurately model the fast dynamic behavior of the junc-
tion temperature. Hence, a more accurate thermal network
which consists of two or three RC blocks can model the
fast dynamics as well as the steady-state situation. For a
second-order foster network shown in Fig. 4, (7) can be used
in two steps for calculating the junction temperature of the
switch.
T

AT = Ry 4 (1 _ e(m%)) * P

—Tin
+ (e(RthICthl)) * ATj(nt;))

—Ti

AT = Ry <1 - e(Rth2Cch)) P
—T,
n (e(m‘ci'hz)) « AT o

2) HEATSINK THERMAL MODEL

Based on [16], a foster-based equivalent thermal model can
be extracted for a heatsink using a foster equivalent network
for modeling the temperature rise at each location due to the
heat applied at other locations. By applying constant heat into
each section separately, and measuring the temperature in all
sections, the thermal impedance Z;; is defined as the thermal
impedance at location i on the heatsink, caused by the heat
dissipated at location j as written in (8):

ATy, (1)

Zij = P,
J

®)

Consequently, an impedance matrix can be formed for a
heatsink divided into n locations as shown in (9). Based
on [17], the temperatures at each heatsink position can be
calculated at each time instant using (10):

Zy Zin
Z=|: : €))
an Znn
THSl (t) le(t —7) Zl)z(t —1)
Tyso(8) Zn(t — 1) Zyn(t = T)
P,(1)
X dr + 1T, (10)
P, ()

IIl. PROPOSED CONTROL METHOD

The main objective of the proposed control algorithm is to
minimize the maximum junction temperatures of the switches
in each leg. To achieve this goal, the junction temperatures
of the switches in each leg will be calculated for each pattern
based on the power loss calculated using the loss model in-
troduced in the previous section. The pattern which results
in a lower maximum junction temperature will be selected
746

for switching transitions in the respective leg. Although the
ideal case is to do the temperature calculation before each
transition, this will result in an extremely large computational
burden on the microprocessor which makes it impossible
to employ in high switching frequencies. Instead, a thermal
interval will be determined in this article, so that thermal
calculations can be performed at a lower frequency that is
independent of the switching frequency. On the other hand,
if the thermal interval is too large, the control system can
not effectively reduce the maximum junction temperature.
Hence, using the MOSFET equivalent thermal network, the
maximum allowed thermal interval is calculated to limit the
junction temperature fluctuations. Then the optimum pattern
will be selected using the electro-thermal model.

A. THERMAL INTERVAL DERIVATION

The first step is to determine the time step for thermal calcu-
lations, T;j,. This interval is selected in a way to ensure that
the junction temperature change in one 7;, does not exceed a
predefined limit, 67 ;;,,:

A]}gO+Eh) < ATJ(CtO) +8Tj,lim (11)
By replacing (11) into (6), (12) can be calculated:
(t0) (mt)
ATjCO =+ 5Tj,lim > Ry * <1 — e\ RinCrn > *x P
—Tip
+ (e(RthCrh)> x AT (12)

Equation (12) can be rewritten after some simplifications as
(13):

( —Tip ) (t0)
(1 — e\RinCn ) * I:Rth * P — ATJ-CO ] < (STle-m (13)

Since the maximum power loss in each switch is known
and the minimum AT%O) is equal to zero, the only variable
that can be controlled to limit the left-hand side of (13) is T;;,.
Hence, the proper value for 7, is extracted.

The calculations can be done for the two-step foster net-
work as well. The final simplified derived equation is shown
in 14:

(1 _ ARG ) * [Rthl £P — AT ]

~Tin

+ (1 — e("m%z)) * [thz * P — ATW(fCO)] < 8T iim
(14)

Equivalently, by knowing all the worst case values in (14),
T;1, is the only parameter that determines the maximum junc-
tion temperature change in a single thermal step.

B. JUNCTION TEMPERATURE ESTIMATION AND MODE
CONTROL

By knowing the value of 7;, and the power loss value for
each MOSFET, the junction temperature of all switches in
each leg can be estimated at steps of 7, for each of the

two patterns. For this purpose, (6) and (7) can be used for
VOLUME 3, 2022
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Pattern I Pattern IT
State P State P
Q126 0n , Q345 off Q16 on , Q345 off
State N State N

Q52,4 01, w136 off QI,S,B on, Q2.4,5 off

FIGURE 6. Realization of states P and O using SPWM modulation with
patterns 1 and II.

0 N\ T 2T / 3Tw 4Tn 5Tmﬁ* 7 8Tin

Pattern I Pattern II

FIGURE 7. An example of switching between patterns I and Il at periods of
Ten-

first-order and second-order foster networks, respectively. In
junction temperature estimation, the case temperature, 7, is
considered constant. However, 7, for all switches is estimated
according to (10).

For each leg, the pattern which leads to a lower maxi-
mum junction temperature will be selected and applied to
the switches in the corresponding inverter leg. The method
for applying the patterns in a three-level ANPC inverter with
simple SPWM modulation is depicted in Fig. 6. Using the
proposed method in this article, Fig. 7 illustrates an exam-
ple of the modulation technique in which the utilized pattern
is changing based on the junction temperature estimation at
steps of T;,. A flowchart of the proposed method is depicted in
Fig. 8 where H; and H, are the time periods for updating the
temperature changes in the junction and case temperatures.
These time periods can be calculated based on the ther-
mal parameter values of and the first or second-order foster
network equations.

In a comparison of efficiency among the presented mod-
ulation schemes, it should be noted that the variations in
VOLUME 3, 2022

Extract Thermal
Parameters
Calculate H; Calculate H,
¥

Wait for Wait for
Next H; Next H,

R — f
Calculate Average
Loss in the Past
H, with Average
Loss Model

| !

N

Estimate Junction
Temperatures for | <«—
t+H;

—
‘ ;

)

Apply the Pattern

with Lower
T,

j,max

~—

)

FIGURE 8. A flowchart of the proposed control method.

Calculate Switch
Losses with
Patterns I and II

Estimate and
Update T .,

the total energy loss among the presented methods are min-
imal. This can be resulted from Table 3, in which the sum
of loss over a period in all the switches is equal with both
patterns. However, as an aftereffect of lowering the differ-
ence among the junction temperature of the switches in a
leg, and due to the non-linear relationship between the tem-
perature and loss-related parameters of a MOSFET, the total
power loss slightly varies in different patterns. These vari-
ations are not further studied in this article due to their
negligible values.

IV. SENSITIVITY ANALYSIS

While the derived equations for calculating AT across a single
block of the foster network are accurate and no approximation
is made in their derivation, the inaccuracy of loss and thermal
parameters can lead to an inexact temperature estimation. This
inaccuracy in the thermal parameters results from a variety
of sources. First, according to the datasheets of many indus-
trial MOSFETs, the R, values can vary by up to 30% in
two similar devices. The second source of uncertainty is the
external factors. For example, the thermal pads which are
usually placed between the MOSFET tab and the heatsink
can increase the total R;; by an uncertain value that directly
depends on the pressure on the pad.

To investigate the sensitivity of the temperature calculation
to the uncertainty in thermal parameters, this section presents
a sensitivity analysis and determines the sensitivity to differ-
ent parameters in different situations.
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FIGURE 10. Comparison of the simulated and estimated switch
temperatures for Q1 and Q2 with pattern | switching and output current of
40 A; (a) equal Ry in estimation and simulation, (b) R, in estimation 30%
higher than Ry, in simulation, and (c) Ry in estimation 30% lower than R;;,
in simulation.

In order to determine the sensitivity of (6) to the thermal
variables, partial derivatives of (6) to R;; and C;;, are calcu-
lated as shown in (15) and (16).

:p[<1 _e(xtfa‘h))
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8(Acho th)

oR;j,
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By replacing R;, and G, in the equations with their val-
ues for a semiconductor device, the sensitivity values can
be extracted and compared. By plugging in the R, = 0.35
and C;;, = 0.0036, which are the values of a first-order foster
network, corresponding to an SiC MOSFET with TO-247
package (UJ4C075018K4S), the sensitivity values for 50 W
power loss is as follows:

(to+Tip)
8 (Acho th ) e )
- = 1578 (17)
IRy, aCyp,

A direct outcome of calculating the sensitivity values is that
a small variation in the thermal parameters can result in a large
deviation in the accuracy of the formula. These small varia-
tions could happen due to manufacturing tolerances, thermal
pad Ry, etc. In order to examine the sensitivity of the temper-
ature estimation method to the changes in thermal resistivity
with simulations, the estimated temperature is examined in
three cases as shown in Fig. 10. Mismatches of up to 9 degrees
can be seen between the estimated and simulated temperatures
of the switches. Hence, in the experimental section of this
article, instead of relying on the datasheet values, the accurate
thermal parameters of the semiconductors are first extracted
using some high current pulse tests on the MOSFETs.

9 (AT-(t0+Tth)
=56 _

V. SIMULATION RESULTS

The proposed control method for reducing the hotspot tem-
perature in a three-level ANPC inverter is simulated using a
Simulink/PLECS co-simulation. The main specifications of
the simulated inverter is listed in Table 4. Loss-related param-
eters, as well as the extracted thermal network components
for a second-order foster network, are presented in Table 5.
In this section, the results obtained from the proposed hotspot
temperature minimization method is compared to the results
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FIGURE 11. Junction temperatures of the switches with unequal case temperatures in one leg of the inverter, using (a) pattern I, (b) pattern Il, (c) equal
power loss distribution, and (d) proposed equal junction temperature technique.

TABLE 4. Inverter Specifications for Simulations and Experimental Setup

Parameter Value
Rated Input Voltage 400 V
Rated Output RMS Current 40 A
Selected Switch UJ4C075018K4S
Switching Frequency 50 kHz
TABLE 5. Selected MOSFET Characteristics
Parameter Value
Rated R, at 25C (m£2) 18
Eon and E,5r at 400V, 50A (ul) 453, 304
2nd-order Foster Rip1, Cini 0.255, 0.027
2nd-order Foster Ryp2, Cipo 0.135, 0.0014

of pattern I, pattern II, and equal loss distribution control
methods. The dynamic response of the junction temperature
controller to sudden changes in load is presented, as well as
its operation under a constant three-phase load.

A. CONSTANT LOAD, EQUAL CASE TEMPERATURES

In this subsection, the simulations have been performed for an
RL load with a power factor of 0.86 as can be seen in Fig. 9.
The modulation index, M, is set to 1 and the case temperatures
for all the switches are considered to be equal to 60 °C.
The control circuit is simulated in Simulink, while the power
stage is simulated in PLECS. The junction temperatures of the
switches are achieved based on the switching and conduction
losses and thermal characteristics of the MOSFETS.

Fig. 9 shows the junction temperatures of the six MOSFETs
in one leg of the converter for each of the four control meth-
ods. Pattern I, pattern II, equal loss distribution control, and
the proposed equal junction temperature control techniques
are used and compared to each other. The maximum junction
temperature in the switches of each leg is specified in each
case.

VOLUME 3, 2022

TABLE 6 Summary of Comparison Between the Four Control Methods

Equal T, Unequal Tt
Control method Max T} Paensity | Max Tj Piensity
Pattern I 105.8 100% 108.1 100%
Pattern II 106.9 98.2% 100.0 107.7%
Equal loss 96.4 109.4% 99.1 108.8%
Proposed method 95.8 110% 95.7 113.2%

B. CONSTANT LOAD, UNEQUAL CASE TEMPERATURES

In the previous case, both the equal loss distribution method
and the proposed technique proved to result in the lowest
maximum junction temperature compared to other techniques.
However, in many experimental setups, the case temperatures
of the MOSFETSs may not be totally equal. Therefore, in the
simulations in this section, the inner switches are considered
to be closer to the coolant input which results in lower case
temperature (This assumption is based on the designed cool-
ing system for the experimental setup and will be discussed
in more detail in Section VI). Fig. 11 shows the junction
temperatures of all the switches in one leg of the inverter. The
case temperature of the outer switches, clamping switches,
and inner switches are set to 63 °C, 60 °C, and 57 °C,
respectively.

A direct consequence of the reduction of maximum junc-
tion temperature is increasing the maximum output power of
the inverter and hence, improving the power density. Using the
results of the mentioned simulations, Table 6 summarizes the
maximum junction temperatures in each case, as well as the
increase in the maximum output power that can be achieved
in each case compared to pattern I.

It can be seen that in the case of equal case temperature,
both equal loss and the proposed technique result in an almost
10% increase in the power density of the inverter. However,
since the case temperatures of switches are not similar in
actual power converters, the proposed minimum junction tem-
perature method can be the most effective control method in
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FIGURE 12. Dynamic response of the junction temperatures of the switches under two control methods; (a) equal loss balancing control, and

(b) proposed equal junction temperature technique.

&

FIGURE 13. Exploded view of the power PCB, fin base and enclosure.

terms of power density improvement by up to a 13% increase
in the power density.

C. DYNAMIC RESPONSE

To evaluate the dynamic response of the proposed technique
and compare it to the equal loss balancing method, a dynamic
scenario has been employed and simulated in which the value
of M is changed at t = 0.065s from 0.5 to 1. The results
of equal loss balancing control, and the proposed minimum
junction temperature technique in this dynamic situation is
depicted in Fig. 12. It can be seen that in the case of the
equal loss balancing control, there is a considerable gap in the
temperatures of the switches for one period before the new
ratio is calculated. However, with the proposed technique, the
balance between the temperatures of the hot switches is kept
in the transition instances at the cost of a larger computational
burden.

VI. EXPERIMENTAL RESULTS

A. EXPERIMENT SETUP

The three-level ANPC experimental setup has been imple-
mented based on the specifications given in Table 4, and the
main switches are UJ4C075018K4S, with the characteristics
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Outlet Inlet

FIGURE 14. Fin base of the cooling block, divided into 9 locations.

listed in Table 5. TMS320f28379 d dual-core microcontroller
is used in the experimental setup and both cores as well as the
two control law accelerators (CLA) are used to increase the
computation capacity of the microcontroller. The inverter’s
top view is shown in Fig. 15 where the control and gate
driver board are shown. By removing the gate driver board,
the power PCB is placed underneath the gate driver board,
mounted on the heatsink as shown in Fig. 13. All the switches
and DC-link capacitors are mounted on the heatsink from the
bottom of the power board. An RL load is selected as the load
where a three-phase inductor bank using 2.5 mH inductors
and a three-phase resistor bank utilizing 2.5 €2 resistors are
employed.

A heater is submerged into the cooling tank which is used
to set the initial coolant temperatures of the MOSFETS to the
desired initial value. Fig. 14 shows the mounting plate for the
MOSFETs. In the cooling design of the inverter, the inner
MOSFETs are mounted at locations 3, 6, and 9, closer to
the coolant input where the temperature is lowest, and outer
MOSFETs are placed at locations 1, 4, and 7, closer to the
coolant output where the temperature is the highest. K-type
thermocouples are attached to the heatsink right underneath
each MOSFET through the vented screws used for attaching
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FIGURE 15. Top view of the inverter; Control and gate driver board.
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FIGURE 16. The temperature change in heatsink sections when the heat is
applied to section HS1. (a) Experimentally extracted temperatures and (b)
curve-fitted first-order foster network.

the MOSFETs to the heatsink. These thermocouples are used
in extracting the inverter’s thermal characteristics.

For the reduction of computational burden on the micropro-
cessor, the junction temperature estimation is performed only
for the two hottest switches in each leg at every 7;;,.

B. THERMAL PARAMETERS’ EXTRACTION

In order to apply the proposed hotspot minimization algorithm
to the experimental setup, the actual thermal parameters of
the system need to be extracted. Although a more accurate
thermal model can be extracted using intensive mechanical
simulations and tests, the goal here is to obtain a less accu-
rate but simple model that can be evaluated in real time by
the available microcontrollers on the market. Hence, based
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on [16] and by conducting some experimental tests, a thermal
model is extracted to be used in the next steps of the experi-
ments.
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1) HEATSINK PARAMETERS

To measure the heatsink temperature right underneath each
MOSFET, thin K-type thermocouples have been placed in-
side the vented screws used for mounting the MOSFETs on
the plate. The thermocouple amplifier circuitry along with
the serial communication with the microcontroller allows for
online temperature measurements in steps of 0.25°C. The
coolant temperature is first set to 60 °C and then, to apply
the heat at each position on the plate, a controlled short
circuit with limited current is created using the MOSFETs
at desired locations. The resulting conduction losses of the
MOSFET determine the loss value. At coolant inlet temper-
ature of 60°C, a maximum of 120 W can be dissipated per
MOSFET based on the MOSFET and source capabilities. As
an example, the temperature changes in all heatsink sections
are plotted in Fig. 16(a) when 40 W power is dissipated in
HS1.

Since the thermal model is needed for temperature pre-
dictions, each of the thermal impedances between the two
points is fitted to the response of a first-order foster network
as written in (18). Fig. 16(b) depicts the fitted curves. An
impedance matrix can be formed for the heatsink using the
extracted thermal parameters as shown in (19) at the bottom
of this page.

—t
f@t)=PR|1— e(RC>

2) JUNCTION TO HEATSINK PARAMETERS

The MOSFET’s junction-to-case thermal model is usually
known from the manufacturer datasheet as discussed before.
However, the manufacturing uncertainties, silicone pad, and
thermal grease present between the tab and the heatsink
introduce additional thermal components to the previously
investigated model which need to be extracted for a more
accurate thermal model.

To extract the thermal parameters, high current tests are
performed on the MOSFETS, where an intentional short cir-
cuit is made in the leg, and a pulse current of up to 100 A is
passed through the switches for very short periods of time as
shown in Fig. 17. By measuring the changes in on-resistance,
the changes in junction temperatures of switches are extracted
versus the amount of dissipated energy in the MOSFETs.
Based on the changes in the on-resistance, the junction tem-
perature can be extracted as shown in Fig. 17.

It needs to be mentioned that the thermal characteristics
of the switching devices can change with time due to the
degradation. This change in the thermal variables may be
unequal in each semiconductor device. Since the presented
thermal model does not use a temperature or voltage feedback
to update itself, the accuracy of the temperature simulation
can decrease with time. However, the proposed thermal tests
can be performed again to update the thermal model.

C. JUNCTION TEMPERATURES

(1%) The experimental tests have been run using all four meth-
ods introduced in the simulations section. The junction
[ [o26] [o.14] Jo.o0e] [o.16] [o0.04] [o0.04] [0.05] [0.05] [0.05]
25 101 281 101 397 372 301 394 347
[0.13] [024] [o0.14] [oo06] [0.13] [o0.05] [0.03] [0.03] [0.03]
110 27 100 263 134 244 410 | | 402 369
[0.05] [o0.12] [o.19] [o.03] [0.03] [o11] [o.02] [0.02] [0.02]
316 140 31 212 297 162 603 659 590
[0.14] [0.06] [o0.05] [o25] [oas] [o.0s5] [0.13] [0.05] [0.04]
98 258 266 25 93 309 94 402 375
|:R,~ ,} _ [0.03] [o.a4] [oos| [o12] [o2s] [oa4] [o.os] [o0.13] [o.06] 09
Cij (649 | |113| |245| |es| | 27| |97 ] |284] [121] |208
003 [005] [o012] [o003] [o11] [022] [0.03] [o0.04] [0.09
393 296 122 517 189 30 346 381 190
[0.04] [003] [003] [0.03] [0.04] [0.03] [024] [0.12] [0.05]
320 349 317 128 480 497 28 131 243
[0.03] [o.04] [003] [o005] [0.12] [o.0s] [oa11] [o22] [o0.13]
695 309 284 284 124 307 142 31 295
[0.04] [0.03] [o003] [0.03] [0.04] [0.13] [o0.05] [o0.13] [o0.21]
1396 |355| [200] |312] [409] [101]| |276] [314] |32 ] |
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FIGURE 20. Comparison of maximum temperature in switching devices in leg A based on simulation and experimental results for M = 0.5; (a) Pattern I,

(b) Pattern Il, (c) equal loss balancing, and (d) proposed method.

temperatures of the MOSFETSs are monitored by measuring
drain to source voltage as well as the output current. The
resulting on-resistance can give an estimation of the junction
temperature. The final maximum temperature results are ex-
tracted from the measured on-resistances for the two hottest
switches in one leg of the converter. The results are shown
in Fig. 18, where the output current value and frequency are
20 A RMS and 50 Hz, respectively. By using the proposed
control method, a reduction of 7.2, 5.3, and 4.5 degrees can
be observed when compared to the pattern I, pattern II, and
equal loss techniques, respectively. A summary of simulation
and experimental results can be seen in Figs. 19 and 20 for
M=1 and M=0.5, respectively. Figs. 19 and 20 show the
maximum junction temperature in the switching devices of leg
A of the inverter, max(Tj1, Tj2, Tj3, Tja, Tjs, Tje). It must be
mentioned that for the comparisons presented in Figs. 19 and
20, the thermal model extracted from the experimental tests is
used and the values in the datasheets are no longer utilized.

D. POWER DENSITY IMPROVEMENT

In order to test the increase in the power density using each
of the mentioned patterns, 125 °C is set as the limit for junc-
tion temperatures in the experimental setup. Then, using the
VOLUME 3, 2022

junction temperature prediction method, the output power is
gradually increased by increasing the load current. The max-
imum power that can be achieved using each control method
at different frequencies is then recorded and compared. An
increase of 12.4%, 10.4%, and 4.1% is observed in the power
density of the inverter with the proposed technique when com-
pared to the pattern I, pattern II, and equal loss techniques,
respectively.

VII. CONCLUSION
In this article, a new control method for a three-level ANPC
inverter is proposed in which the maximum junction temper-
ature of the MOSFETS in the inverter is reduced compared to
the previous techniques. After presenting an electro-thermal
model for the three-level ANPC inverter, the temperature at
different heatsink locations can be estimated using a foster
equivalent network. Then, the junction temperatures of the
MOSFETs in each leg are estimated and the best pattern is
selected in each calculation period to minimize the hotspot
temperature and increase the power density.

Using simulations and experimental tests, the proposed
technique has proven to increase the power density of the

inverter by almost 12% compared to the classical pattern I and
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pattern II techniques, and by 4% compared to the equal loss
balancing method. In addition to reducing the hotspot temper-
ature in the inverter, this technique can be used as a protection
stage in the inverter which can ensure that the semiconductors
will not exceed the allowed temperatures, especially in the
transient loads.
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