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Abstract
Mechanical and thermal stresses of EV drive system components strongly depend on how the drive is

operated during it’s lifetime. In On-Demand drives, expected operation is difficult to quantify as it depends

on vehicle design, powertrain design and torque distribution strategy. This paper proposes two methods

for generating representative On-Demand drive Load Profiles based on vehicle speed profiles. Additionally,

a compact drive system model for efficient simulation of traction inverter thermal stress is derived and

explained in detail. The inverter thermal stress is simulated for a measured On-Demand speed/torque

profile and is compared to simulation results based on the two proposed methods. The results show good

match between measured and generated drive loading profiles.

1 Introduction
Interest in battery electric vehicles (BEVs) has been

growing rapidly in recent years [1] as the need for

sustainable transportation is becoming more obvi-

ous [2]. Benefits of BEVs are quite clear and have

been analyzed and discussed in-depth ([1], [3] and

[4]). BEVs usually employ only one traction motor

(single-motor EVs), however, for applications and

driving scenarios where additional performance,

stability and reliability is desired, electric vehicles

with more than one traction motor (multi-motor EVs)

are preferred ([2] and [5]). Dual-motor EVs, with

one tracion motor on each vehicle axle are the

largest subgroup of multi-motor EVs. In Fig. 1,

a schematic depiction of such EV powertrains is

shown. Depending on vehicle requirements and

system design, the two drive systems in a dual-

motor EV can range from being almost equal and

working in parallel to substantially different in de-

sign where one drive is only used for acceleration

and stability. Based on benchmark reports of com-

mercial EVs, the latter is a more common solution.

The two drive systems found in dual-motor EVs are

designated as:

– Main (primary) drive system, and

– On-Demand (secondary) drive system.

As the On-Demand drive may supply torque only

when required for acceleration or stability, the

mission profile of such a drive differs from the main

drive (and from the drive system in a single-motor

EV). Due to this, the lifetime requirements imposed

on components of the On-Demand drive system

also differ from that of a single-motor EV drive

system. The discrepancy of main drive usage and

On-Demand drive usage has also been verified by

measurements from real-world driving scenarios of

a dual-motor EV and is presented in Fig. 2.

Although dual-motor EVs have been in the scope

of research for some time, there appears to be a

lack of published data regarding the differences in

usage and lifetime requirements of the two drive

systems. The main drive system in a dual-motor

EV is similar in design and usage to a single-motor

EV drive system. It is therefore not considered in

this work as there is a great deal of publications

covering standard single-motor EVs ([6] and [7]).

Another topic addressed in this paper is accurate

prediction of semiconductor junction temperature

profiles. Usually, accurate simulation of junction

temperatures relies on FEM and is computationally

intensive. Therefore it is not used for system level

optimization in EV powertrain design. A computa-

tionally efficient electro-thermal model, including
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Fig. 1: Schematic of dual-motor EV power-train consisting of main drive system and On-Demand drive system.

thermal coupling between chips, is proposed in this

paper as a substitute for FEM.

This paper provides an outline for a more optimal in-

verter stage design of the On-Demand drive system

by addressing the influence of vehicle speed pro-

files on On-Demand drive inverter thermal stress.

The approach presented here can be subdivided

into a two step process:

1. Accurate mapping of vehicle speed profiles

vv(t) to On-Demand drive speed n2(t) and On-

Demand drive torque T2(t) by means of a novel

torque mapping method, and

2. Efficient simulation of inverter thermal stress

based on drive speed n2(t) and drive torque

T2(t).

The rest of the paper is structured as follows: Sec-
tion 2 provides an in-depth analysis of the deriva-

tion of On-Demand drive loading in dual-motor

EVs. In Section 3 the thermal stresses of the On-

Demand drive inverter are simulated based on re-

sults from Section 2. The results of thermal stress

simulation for different torque mapping approaches

are presented and discussed in Section 4. Finally,

in Section 5, a conclusion and outlook for further

work is given.

2 On-Demand Drive Usage
The usage of the On-Demand drive system in dual-

motor EVs is not easily defined, especially during

the design phase. The usage criteria of the On-

Demand drive is a result of a superimposed torque

distribution control strategy which determines how

the required torque is generated across the two

drives in a dual-motor EV. This control strategy is

often based on overall system loss minimization

([8], [9]) and requires detailed knowledge on both

the vehicle model and the drive system design(s).

Here, the usage of the On-Demand drive is derived

from simplified criteria and measurement data with-

out prior information on torque distribution. In Fig. 1,

a schematic of a dual-motor EV powertrain is de-

picted.

For a representative speed/torque profile of the On-

Demand drive (T2(t),n2(t)), the following should be

known:

– Representative vehicle speed profile vv(t) (e.g.

WLTC speed profile)

– Longitudinal vehicle model (vehicle mass - mv,

drag area - CdA, rolling resistance - μr, etc.)

– Primary drive specification

– Secondary drive specification

– Torque distribution strategy

Fig. 2: Primary drive and On-Demand drive usage ob-
tained from measurement data. (a) Relative on-
time and (b) Number of low speed - high torque
events.

A drive system design based only on standard peak

drive torque Tpk and peak drive power Ppk require-

ments might lead to oversized drive components.
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It is therefore necessary to also address the ex-

pected drive system usage as one of the design

requirements.

In Fig. 2, a comparison of main drive and On-

Demand drive usage is shown. The usage compar-

ison has been extracted from data collected over

10 hours of measurements across different driving

scenarios and it can be assumed that the driving

scenarios are representative of expected usage

for the particular EV. Measurement data indicates

that the total on-time of the On-Demand drive is

much lower compared to the main drive (by a factor

of 2.5 - Fig. 2 (a)). However, the number of ”low

speed - high torque” events is higher for the On-

Demand drive (Fig. 2 (b)). Each operating point

of the traction machine for which the machine pro-

duces above 80 % of it’s rated peak torque at an

electrical frequency of 5 Hz or less is considered

as ”low speed - high torque”. These events usu-

ally have the largest impact on lifetime degradation

[6]. In order to address the topic of On-Demand

drive usage and subsequently lifetime degradation

of the drive components, representative drive load-

ing profiles should firstly be established. This paper

proposes two approaches for generation of repre-

sentative drive loading profiles:

1. Speed/torque derivation based on vehicle

model and simplified On-Demand usage crite-

ria - (Approach A in Fig. 3), and

2. Speed/torque derivation based on vehicle

model and torque mapping - (Approach B in

Fig. 3).

For both approaches, a simplified longitudinal vehi-

cle model is assumed. Model dynamics are defined

by

mv v̇v(t) =
Tw(t)

rw
−∑Fi(t) (1)

where mv is the vehicle mass, rw is the wheel ra-

dius, vv(t) is the vehicle speed, Tw(t) is the required

wheel torque and ∑Fi is the sum of all forces acting

on the vehicle in the longitudinal direction. External

forces acting on the vehicle can be divided into the

aerodynamic drag force, frictional force and gravita-

tional force

∑Fi(t) =
ρair

2
CdAv2

v(t)+mvg
(
sinα +μr cosα

)
. (2)

Fig. 3: Generation of On-Demand drive torque profiles
based on (a) - vehicle model and control strategy
- Approach A and (b) vehicle model and On-
Demand torque map - Approach B.

In (2), ρair designates the density of air and α =
α(t) designates the inclination (slope) profile of the

terrain. The required wheel torque is generated by

the main drive system and the On-Demand drive

system

Tw(t) = k1 T1(t)+ k2 T2(t) (3)

where k1 and k2 are the gearbox ratios of the main

drive and On-Demand drive, respectively. The ve-

hicle dynamics given in (1) provide a value for the

required wheel torque, however the distribution of

main drive torque T1 and On-Demand drive torque

T2 is not specified. Employing either Approach A
or Approach B, as presented in Fig. 3, it is possible

to obtain this torque distribution for a dual-motor EV

(T1(t) and T2(t) in (3)).

As an example of drive control strategy for Ap-
proach A, the On-Demand drive produces torque

when the required wheel torque is higher than the

peak torque that the main drive can produce

Tw(t)> k1 T1,pk. (4)

As another example, the On-Demand drive is used

when the required wheel torque is higher than some

defined torque set-point Tset

Tw(t)> Tset. (5)
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The mentioned On-Demand drive usage criteria

are simplified and are usually not an accurate rep-

resentation of real-world drive usage. Due to this, a

torque mapping approach is presented here which

aims to provide better accuracy in estimating sec-

ondary drive torque. The derivation of the torque

map used in Approach B, is shown in Fig. 4.

Fig. 4: Generation of On-Demand drive torque profiles
based on vehicle model and vehicle measure-
ment data.

This second approach is based on mapping of vehi-

cle speed and vehicle wheel torque to On-Demand

drive torque. The mapping has been extracted from

vehicle measurement data as shown in Fig. 4 and is

based on statistical correlation of the On-Demand

drive torque to the vehicle speed and vehicle wheel

torque. For each combination of vehicle speed vv
and vehicle wheel torque Tw, the expected value of

the On-Demand torque has been calculated by

T2(vv,Tw) =
∑T2,meas(vv,meas = vv,Tw,meas = Tw)

N
. (6)

In (6), the On-Demand drive torque map T2(vv,Tw)
is calculated from measurement data T2,meas, vv,meas
and Tw,meas. Measurement data was binned into

bins of width 1 m/s and 1 N m respectively. Although

this approach inherently introduces ”smoothing”

into the generated torque profiles, it can serve as

a tool for accurate estimation of On-Demand drive

torque. The proposed approach encodes relevant

torque distribution data into a single 3D map with-

out the need for a priori knowledge of the torque

distribution control strategy. Therefore, it is possible

to estimate the expected loading of the On-Demand

drive without knowing the exact control strategy in a

dual-motor EV. This 3D map can ultimately be used

as a look-up table for generation of On-Demand

drive torque profiles with arbitrary vehicle speed as

input.

In Fig. 5, the derived On-Demand torque profiles

for Approach A and Approach B are shown along

with measured On-Demand torque for reference. A

vehicle speed profile has been isolated from the

measurement results in order to compare the va-

lidity of the approaches based on torque profile

generation from the mentioned approaches. As

can be seen, the generated torque profile from Ap-
proach A does not show good matching to the

measured torque as the torque distribution strategy

is not known and is only approximated by simple

usage criteria. A better match might be achieved if

the cut-in criteria is better approximated. Approach
B shows much better matching with measured re-

sults.

For comparison, the first approach offers a lot more

flexibility, where arbitrary torque profiles can be

generated from vehicle speed profiles and vehicle

parameters. This approach allows for freedom of

choice where it is possible to iterate through dif-

ferent vehicle segments (e.g. compact vehicle to

SUV) and different On-Demand drive usage strate-

gies (e.g. secondary drive activated or continuously

in operation in parallel with the main drive) by vary-

ing vehicle parameters and and drive usage criteria

as shown in (4) and (5). On the other hand, the

torque mapping approach limits the flexibility in ve-

hicle choice. As the torque map is derived from

measurements in a single vehicle, the mapping is

only representative of this vehicle.

3 Drive System Model
In the previous section, two methods for deriving

On-Demand drive torque profiles from arbitrary ve-

hicle speed profiles have been presented. The life-

time requirements of drive system components are

highly dependent on these profiles as the mechani-

cal and thermal stresses are a direct consequence

of drive loading ([10] and [11]). In order to accu-

rately predict thermal stress within a power module,
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Fig. 5: Comparison of measured On-Demand drive
torque with torque derived from cut-in criteria
(Approach A) and torque derived from torque
mapping (Approach B).

the expected junction temperature profiles need to

be established. This section focuses on efficient

simulation of On-Demand drive inverter tempera-

tures for estimation of power module thermal stress.

Compared to Finite Element Method simulation

models, which are commonly employed for junction

temperature estimation, the electro-thermal model

presented here is much less computationally inten-

sive, as it is based on a 1D Foster thermal network

representation of the thermal system. In the first

step, the speed/torque profile of the traction ma-

chine needs to be converted into machine voltages

and currents. Next, the voltages and currents are to

be transferred into power losses within the module

and finally into junction temperature profiles of the

semiconductors as shown in the block diagram in

Fig. 6.

3.1 Traction Machine Model and Speed
Control

For the traction machine of the On-Demand drive,

a four-pole (p = 2) Induction Machine (IM) is as-

sumed. IM voltages um(t) and currents im(t) are

obtained from equivalent circuit model impedance

and the machine torque equation

Z = R1 + j ωel L1 + j ωel Lm‖
(R′2

s
+ j ωel L′2

)
(7)

Tel =
3 p
ωel

R′2 sU2
m

R2
2 +(sωel L′2)2 (8)

where R1, L1, R′2, L′2 and Lm are equivalent circuit

parameters of the induction machine, p is the num-

ber of pole-pairs, s = ωel−pωmech
ωel

is the slip and Um
is the magnetizing voltage. The model given in (7)

and (8) does not uniquely define the voltage and

current wave-forms of the IM for a given mechanical

operating point (speed and torque). Therefore, an

additional equation is required. The magnitude of

the IM voltage as a function of rotational speed is

defined as

Ûm = n2
Ûm,max

n2,max
. (9)

This is a simplification of speed control of induction

machines in which the magnitude of the applied

voltage at the stator is proportional to the rotational

speed of the machine.

The set of equations (7) - (9) define the electrical

operating point of the Induction Machine (Ûm, Îm,

ωel and φ ) assuming known mechanical operating

point (n2, T2). Machine voltages and currents are

assumed to be sinusoidal

um(t) = Ûm cos(ωel t)

im(t) = Îm cos(ωel t−φ).
(10)

3.2 Inverter electro-thermal model
With known motor voltages and motor currents, the

current stress of inverter power semiconductors can

be calculated. Finally, a detailed electro-thermal

model of the inverter is implemented for junction

temperature simulation. The electro-thermal model

is based on a state-space representation of the

module junction temperatures. The model is de-

rived from the integral representation of the Foster

thermal network [12]

Tj(t)−TC =
∫ t

0
P(τ) Żth(t− τ)dτ. (11)

and can be extended to include thermal coupling ef-

fects of adjacent chips (i-th chip) within a power

module, as well as Foster thermal networks of

higher order (lm). The extended model is defined

as
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Fig. 6: Schematic overview of On-Demand drive system model used for junction temperature simulation.

Tj(t)−TC =
n

∑
i=1

lm

∑
l=1

Rl

τl

∫ t

0
Pi(τ)e(τ−t)/τl dτ (12)

where Tj(t) is the junction temperature of the semi-

conductor, Tc is the coolant temperature, Rl is the

thermal resistance of the l-th component in the Fos-

ter network of size lm and Pi(t) is the generated

power loss within the i-th switch.

Fig. 7: Schematic of traction inverter power module with
indicated thermal impedances.

In Fig. 7, a schematic representation of a six-

switch power module is shown with indicated ther-

mal coupling impedances (Zth,T−D1 , Zth,T−T and

Zth,T−D2). For simulation, the thermal coupling

impedances are modeled with a second order

Foster network, while the junction-coolant thermal

impedance Zth,T−C is represented with a fourth or-

der Foster network

Zth,T−D1(t) =
2

∑
l=1

Rl,T−D1
(
1− e−t/τl,T−D1

)

Zth,T−C(t) =
4

∑
l=1

Rl,T−C
(
1− e−t/τl,T−C

)
.

(13)

The parameters of the Foster networks, as well

as network order was determined from transient

thermal measurements. Measurements show that

there is minimal thermal coupling between adjacent

bridge-legs within the power module and therefore

only a single bridge-leg is considered although the

model in (12) can be extended to include an arbi-

trary number thermal coupling impedances.

Based on results presented in [13], it is possible to

transform the integral representation of the coupled

Foster network thermal model into a state-space

representation

d ΔTi(t)
d t

= Ai ΔTi(t)+Bi P(t)

Tj(t) = Ci ΔTi(t)+TC

(14)

Matrices Ai and Bi are derived from the integral

representation of Foster thermal networks

Ai =

[
An1 0

0 An2

]
, (15)

Bi =

[
Bn1 0
0 Bn2

]
(16)

where

An1 =

⎡
⎢⎢⎢⎣

−1
τ1,T−C

0 0 0
−1

τ2,T−C
0 0

0 0 −1
τ3,T−C

0
0 0 0 −1

τ4,T−C

⎤
⎥⎥⎥⎦ , (17)
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An2 =

[ −1
τ1,T−D1

0
0 −1

τ2,T−D1

]
(18)

and

Bn1 =

⎡
⎢⎢⎢⎢⎣

R1,T−C
τ1,T−C
R2,T−C
τ2,T−C
R3,T−C
τ3,T−C
R4,T−C
τ4,T−C

⎤
⎥⎥⎥⎥⎦ ,Bn2 =

[R1,T−D1
τ1,T−D1
R2,T−D1
τ2,T−D1

]
. (19)

In (15) - (19) system matrices of a simplified state-

space model with thermal coupling between the

active switch and it’s freewheeling diode are shown.

This simplified model is outlined here for clar-

ity as the order of the full state-space system is(
∑Ni

i=1 Nk(i)×∑Ni
i=1 Nk(i)

)
where Nk is the number of

Foster network elements and Ni is the number of

considered thermal couplings. For the case of the

model which includes only one thermal coupling

(switch to it’s diode) for the matrices given in (15) -

(19), the order of the system is 6x6.

The state-space representation of a power module

thermal network is easy to implement for simulation

and the time-discrete model offers fastest run-time

(Fig. 8). The run-time of three model representa-

tions has been evaluated for a simplified thermal

system - half-bride with full thermal coupling.

Fig. 8: Comparison of relative run-time for different im-
plementations of the thermal model.

In total, 10 000 electrical periods have been sim-

ulated in order to reduce the influence of model

initialization on simulation run-time. The model rep-

resentations have also been compared with differ-

ent simulation software. Additionally, the accuracy

of the different representations has been evaluated

against each other and shows a good match.

4 Results and discussion
The simulated drive system is based on a six-pack

IGBT power module with a nominal DC-Link voltage

of 400 V coupled to a four-pole induction machine

(IM). The specification of the drive system is given

in Table 1. The model is derived as described in

Section 3 and the speed/torque profile derivation is

presented in Section 2. The thermal stress of the

On-Demand drive inverter is compared for three

different speed/torque profiles:

– Measured On-Demand drive machine torque

and speed

– Estimated On-Demand drive torque based

on simplified torque distribution strategy

(Approach A in Section 2), and

– On-Demand drive torque obtained from torque

mapping (Approach B in Section 2).

Parameter Value Unit

Peak torque Tpk 165 Nm

Peak power Ppk 80 kW

Max. motor speed nmax 13500 rpm

System voltage VDC 400 V

Switching frequency fsw 9 .. 11 kHz

Semiconductor type Si IGBT -
Tab. 1: On-Demand drive system parameters.

In Fig. 9, simulated junction temperature profiles

are shown. The junction temperature profiles are

simulated for torque profiles given in Fig. 5. Good

match in junction temperatures can be observed

between the measured drive cycle and the drive

cycle derived using Approach B while the results

for Approach A show deviations in the junction

temperature compared to the measured drive cycle.

For Approach A, the absolute mean error in the

simulated junction temperature is 3.4 ◦C and 2.7 ◦C
for Approach B when compared to the simulation

results based on the measured speed/torque profile.

The simulated temperature profiles are further used

to estimate thermal stress of the inverter.

Thermal stress is derived by means of rain-flow

counting implemented in MATLAB considering life-

time curves given by the manufacturer of the power

module. The thermal stress profiles are depicted

in Fig. 10. As can be observed, the stress profiles

show very good match between the original torque
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Fig. 9: Comparison of simulated junction temperature
profiles for different drive usage approaches. (a)
Measured drive profile, (b) synthetically de-
rived drive profile based on Approach A and (c)
derived drive profile based on Approach B.

Fig. 10: Comparison of module thermal stress based
on junction temperature swing for: Measured
drive profile, synthetically derived drive profile
based on Approach A and derived drive profile
based on Approach B.

profile and the synthetic torque profile generated by

means of torque mapping (Approach B from Sec-
tion 2), especially for small junction temperature

swings. However, for higher junction temperature

swings, the synthetic torque profile underestimates

the effective thermal stress. This can be attributed

to the averaging of the torque map generation ap-

proach.

5 Conclusion
This paper presents a procedure for estimating in-

verter thermal stresses in On-Demand drive sys-

tems based on a novel torque mapping approach

and efficient electro-thermal simulation. The torque

mapping approach shows good agreement with

measurement data. Additionally, a detailed system

model of the On-Demand drive is presented. The

simulation model shows very good accuracy and

low simulation time.

Modeling of inverter lifetime degradation based on

different torque loading profiles is planned as a next

step of the work.
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