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A novel co-simulation model, combining motor FEM simulations in Ansys Maxwell with an inverter and control 
system in Twin Builder and MATLAB/Simulink, is presented. The objective is to more closely resemble real

life motor performance and assess high-frequency effects and motor losses of different supply and control 
systems. The effects from a three-phase two-level inverter with pulse-width modulation for three different 
switching frequencies on motor losses, efficiency, and torque ripple have been evaluated. The results have been 
compared against an ideal sinusoidal current supply, ideal voltage supply and a built-in toolkit provided by 
Ansys Electronics. The WLTP drive cycle has been used, quantified using Energy Center of Gravity. The results 
show that a current source is insufficient to evaluate motor efficiency and torque ripple, with differences most 
visible at low energy operating points. With switching, the overall drive cycle efficiency differs by almost half a 
percent compared to a current source. While the switching frequency is high enough compared to the fundamental 
frequency, the differences in efficiency for varying switching frequencies are almost negligible. For high speeds, 
an efficiency increase can be seen when the switching frequency is lowered. The increase in losses due to current 
ripple is negated by a decrease in the average current magnitude.

1. Introduction

Approximately one third of the energy usage in the EU belongs to the 
transport sector, and it is also the main contributor to greenhouse gas 
emissions. New regulations, stricter CO2 targets, and a rise in electric ve

hicles (EVs) have led to a decrease in emissions for newly registered cars 
[1], [2], although further reductions are necessary. Another important 
aspect is that most EVs today use permanent magnet synchronous mo

tors (PMSMs), which contain rare-earth materials such as neodymium 
and dysprosium, and the mining and production of these materials have 
geopolitical and environmental implications. Because of this, many EV 
manufacturers are trying to find ways to limit the use of rare-earth ma

terials, while still achieving high efficiency [3]. All of this increases the 
relevance for accuracy in machine performance, efficiency and emis

sion estimation for real-life EV driving scenarios. One common way to 
represent these scenarios is using drive cycles, which can be used to es

timate both losses and emissions [4]. In order to generate more precise 
CO2 emission estimates and realistic driving scenarios, the Worldwide 
Harmonised Light Transport Vehicle Procedure (WLTP) was created [5], 
[6], and it replaced the New European driving cycle (NEDC) as the new 
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standardized drive cycle in the EU. Several previous optimization stud

ies have utilized different drive cycles [7], [8], [9].

A common way to evaluate motor performance is through finite 
element method (FEM). FEM allows for a deeper analysis of both tran

sient and non-linear behavior, for example due to partial or complete 
saturation, something that is difficult to achieve for simplified models 
such as equivalent circuit models. FEM simulation for different operat

ing points of a drive cycle can provide accurate estimations of energy 
use and losses. However, there are certain downsides to using FEM 
for complete drive cycles, namely that the process is resource-heavy 
and time-consuming for extensive time series. Previous studies have 
overcome this by using different quantification methods. By locating 
repeating values of torque and rotational speed in a drive cycle, the num

ber of simulations can be minimized. Similar operating points can also 
be grouped together, further limiting the necessary computational ef

fort. By reducing the resolution, that is, expanding the boundaries from 
which operating points are combined, the simulation time required for 
a complete drive cycle can be drastically reduced, although at the cost 
of accuracy. However, a study carried out previously by the authors 
evaluated the impact on overall drive cycle motor efficiency using quan
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tification and found that the error was small even when the number of 
operating points was significantly reduced [10]. Another example is the 
Energy Centre of Gravity (ECG) [11]. This strategy minimizes the num

ber of points by separating the operating range of the vehicle into a 
specified grid, finds the energy center for all operating points of each 
section, and only simulates using these energy center points. Depending 
on the amount of energy in each section, a weighted constant is assigned 
to each point, ensuring that sections with different energy levels repre

sent an accurate part of the full drive cycle.

Pulse width modulation (PWM) switching introduces high-frequency 
current ripple. The ripple magnitude is caused by three different factors: 
switching frequency, machine inductance and DC-link voltage. How

ever, the relationship between the fundamental electric frequency and 
the switching frequency, together with inductance and DC-link voltage, 
determines the ripple magnitude. DC-link voltage can be varied through 
the use of a DC/DC-converter, although it is often fixed [12]. Machine 
inductance can be changed with motor design, and switching frequency 
is governed by the control system and can be varied on demand. An in

crease in switching frequency results in lower inverter efficiency, while 
it could potentially increase motor efficiency.

The impact of current ripple and PWM switching on iron losses has 
been studied in multiple papers. In [13], the impact on iron losses for 
different switching frequencies is studied for frequencies ranging from 1 
kHz to 20 kHz. This is also investigated in [14], although for switching 
frequencies between 10 kHz and 200 kHz. Similarly, impact on copper, 
iron and additional losses for an electric machine due to switching is 
investigated in [12], [15], [16].

Co-simulation models using Ansys Maxwell 2D, Twin Builder and 
Simulink have been constructed before [17], [18], [19], [20], [21]. [17] 
provides an overall description of how co-simulations can be performed, 
while [18] investigates how individual multi-slice 2D FEM simulations 
can be used to approximate motor skew. In [19], the authors describe 
some of the challenges using FEM co-simulations and also discuss meth

ods of reducing computational effort, discussing both closed-loop con

trol methods and using a semi-analytical motor model. In [21], the focus 
is on building and testing a model that combines space vector pulse 
width modulation (SVPWM) control with a PMSM, while in [20] the 
main objective is to analyze the transient behavior and the operating 
limits of an induction motor and detuning of the controller.

In [22], Ansys Maxwell 2D is used to extract an equivalent circuit 
model (ECM), which is then combined with a control model built using 
Simulink connected to an inverter constructed in Twin Builder. The co

simulation model is then used to evaluate high-frequency effects, losses, 
and dynamic performance. Similarly, in [23], a detailed methodology of 
how ECMs can be utilized in dynamic control simulations is described, 
which allows for quicker simulations while still accounting for the non

linear behavior of motors.

While these models account for non-linearity, they cannot achieve 
complete accuracy since full transient behavior is not accounted for.

In [24], another co-simulation model is developed, in which a 
strategy-circuitfield co-simulation methodology is used, investigating 
the impact and the mutual influence of motor, inverter, and control 
strategy. Both motor losses and inverter losses are calculated for set 
fundamental frequencies and loads.

In [25] a co-simulation model of a PMSM and direct torque control 
is created. The FEM software FLUX 2D is used to design the motor and 
is then combined with the control model in Matlab/Simulink, where a 
torque and speed response is analyzed.

None of these studies analyzes the efficiencies and torque ripple of 
multiple operating points for a specified drive cycle, or evaluates the 
effect of different control methods and switching frequencies.

This paper contributes to the field by combining FEM simulations 
with a dynamic motor control system, applying switched voltages and 
currents to the FEM software while having the system adjust itself based 
on motor operation. The study shows a comparison regarding efficiency 
and torque ripple between different operating modes and control meth

ods, and showcases the importance of including switching effect analysis 
for motor efficiency studies. The study also explains how, by utilizing 
a quantification method together with good initialization parameters, it 
is possible to evaluate motor losses and torque ripple for a drive cycle, 
while still achieving the benefits of high-accuracy dynamic control.

In Section 1, a brief introduction to the study and area is described. 
Section 2 presents the previous theory. Section 3 describes the method 
used in this study, divided into four parts: Drive cycle description and 
quantification using ECG, machine description, co-simulation model ex

planation, and lastly, efficiency and loss calculations. Section 4 contains 
the results and discussion and Section 5 lists the most important conclu

sions.

2. Theory

2.1. Loss calculation

The calculation of iron losses has been the focus of many studies, 
and there are many different methods developed and used.

Iron loss calculation can be divided into two different categories: 
time domain and frequency domain.

A popular method to use when calculating iron losses for electric 
machines is the loss separation method [26]. Iron losses are divided 
into three parts: classical eddy current losses, 𝑃𝑐 , hysteresis losses, 𝑃ℎ, 
and excess losses, 𝑃𝑒. The total iron losses can then be calculated with 
(1)-(4).

𝑃𝑐 = 𝑘𝑐(𝐵𝑚𝑓 )2 (1)

𝑃ℎ = 𝑘ℎ𝐵
𝛼
𝑚
𝑓 (2)

𝑃𝑒 = 𝑘𝑒𝐵
1.5
𝑚
𝑓 1.5 (3)

𝑃𝑖𝑟 = 𝑃𝑐 + 𝑃ℎ + 𝑃𝑒 (4)

where 𝐵𝑚 is the peak magnetic flux density and 𝑃𝑖𝑟 is the volumetric 
iron losses. The value of 𝛼 can range from 1.5-2.5. It is often assumed 
to be 2 given sinusoidal voltage supply [27].

Supplier material data, along with different curve fitting methods, 
can be used to find the coefficients. The eddy current coefficient can be 
calculated with (5).

𝑘𝑐 =
𝜋2𝑑2

6𝜌 
(5)

where 𝑑 is the sheet thickness and 𝜌 is the resistivity of the material.

By rearranging (4) and dividing by the frequency we get the expres

sion shown in (6).

𝑃𝑖𝑟 −
𝜋2𝑑2

6𝜌 (𝐵𝑚𝑓 )2

𝑓
= 𝑘ℎ𝐵𝑚 + 𝑘𝑒𝐵

1.5
√
𝑓 (6)

𝑘ℎ is found when 𝑓 = 0, and 𝑘𝑒 can then be found through curve fitting.

In some models, these coefficients are considered constants, invari

able to changes in induction and frequency. However, it is also possible 
to have floating coefficients, which work as functions of both induction 
and frequency.

Ansys Maxwell includes an extension, called ``Machine toolkit'', 
henceforth known as Ansys Machine Toolkit (AMT), which can be used 
to estimate the electromagnetic properties of a machine for full op

eration, including a torque/speed curve, losses and currents, among 
other things. This toolbox utilizes a method that combines a frequency 
domain-based iron loss with variable coefficients, see (7).

𝑃𝑖𝑟 =
𝑁∑
𝑛=1 

(𝑘ℎ(𝐵𝑛)𝑛𝑓𝐵2
𝑛
+ 𝑘𝑐(𝐵𝑛, 𝑛𝑓 )(𝑛𝑓𝐵𝑛)2) (7)

where 𝑘ℎ and 𝑘𝑐 are functions and not constants. These are tabulated 
into a look-up table using material data and are then retrieved using 
cubic spline interpolation.
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The previous method was based on the frequency domain. In Ansys 
Maxwell Transient Analysis, iron losses need to be calculated in the time 
domain, and (1)-(3) are modified into (8).

𝑃𝑓 = 𝐶𝑡|𝐻𝑖𝑟𝑟|𝑦−𝑥|𝑑𝐵
𝑑𝑡 

|𝑥 (8)

where hysteresis loss is found when 𝑥 = 1 and 𝑦 = 2, classical eddy cur

rent loss when 𝑥 = 𝑦 = 2 and excess eddy current loss when 𝑥 = 𝑦 =
1.5. 𝐻𝑖𝑟𝑟 is the irreversible component of the magnetic field strength, 
𝐻𝑖𝑟𝑟 =𝐻 −𝐻𝑟𝑒𝑣, with 𝐻𝑟𝑒𝑣 being the reversible part. 𝐻𝑖𝑟𝑟 is then found 
by approximating the area of the BH curve to that of an ellipse, and 
is calculated through (𝐻𝑖𝑟𝑟

𝐻𝑚
)2 + ( 𝐵

𝐵𝑚
)2 = 1, where 𝐻𝑚 = 𝑘ℎ𝐵𝑚

𝑥 , 𝐵 is the 
flux density and 𝐵𝑚 is the amplitude of a minor BH loop obtained 
through continuously updated magnetic flux density information his

tory. In [28], it is shown that 𝑥 = 𝜋 given sinusoidal excitation. 𝐶𝑡 can 
be found by utilizing the fact that the iron losses calculations should 
yield the same value in both frequency and time domain, and the co

efficients can therefore be determined by equaling the equations from 
both domains [28], for known loss values in the frequency domain. In 
FEM calculations, (8) can then be transformed into its separate x, y, 
z-components (9)-(11).

𝑝ℎ(𝑡) = {|𝐻𝑖𝑟𝑟,𝑥

𝑑𝐵𝑥

𝑑𝑡 
| 2 𝛽 + |𝐻𝑖𝑟𝑟,𝑦

𝑑𝐵𝑦

𝑑𝑡 
| 2 𝛽 + |𝐻𝑖𝑟𝑟,𝑧

𝑑𝐵𝑧

𝑑𝑡 
| 2 𝛽 } 𝛽

2 (9)

𝑝𝑐(𝑡) = 𝐶𝑡,1{(
𝑑𝐵𝑥

𝑑𝑡 
)2 + (

𝑑𝐵𝑦

𝑑𝑡 
)2 + (

𝑑𝐵𝑧

𝑑𝑡 
)2} (10)

𝑝𝑒(𝑡) = 𝐶𝑡,2{(
𝑑𝐵𝑥

𝑑𝑡 
)2 + (

𝑑𝐵𝑦

𝑑𝑡 
)2 + (

𝑑𝐵𝑧

𝑑𝑡 
)2}0.75 (11)

For 2D-simulations, the 𝑧-component is set to zero, eliminating the 
last term in (9)-(11).

3. Method

3.1. WLTP load torque with Energy Center of Gravity

WLTP drive cycle data were used in this study. Only positive accel

eration has been investigated, meaning that all aspects of deceleration 
and regenerative braking have been excluded.

This study used vehicle parameters typical of a standard large EV 
[29], as shown in Table 1. The total traction force acting on the vehicle, 
𝐹𝑡, was estimated using (12)-(16), and consists of four force components: 
acceleration force, 𝐹𝑎, drag force, 𝐹𝑑 , rolling resistance, 𝐹𝑟, and grading 
force, 𝐹𝑔 [30].

𝐹𝑎 =𝑚
𝑑

𝑑𝑡
𝑣𝑐𝑎𝑟 (12)

𝐹𝑑 =
1
2
𝜌𝑎𝐶𝑑𝐴𝑓 (𝑣𝑐𝑎𝑟 − 𝑣𝑤𝑖𝑛𝑑 )2 (13)

𝐹𝑟 = 𝐶𝑟𝑚𝑔cos(𝛼) (14)

𝐹𝑔 =𝑚𝑔sin(𝛼) (15)

𝐹𝑡 = 𝐹𝑎 + 𝐹𝑑 + 𝐹𝑟 + 𝐹𝑔 (16)

where 𝑚 is the curb weight of the vehicle together with driver weight, 
𝑣𝑐𝑎𝑟 is the vehicle speed, 𝜌𝑎 is the density of air, 𝐶𝑑 is the drag coefficient 
and 𝐴𝑓 is the effective cross-sectional area of the vehicle. 𝑣𝑤𝑖𝑛𝑑 is the 
parallel or antiparallel component of the wind speed in the direction 
of the vehicle, although here, the wind speed effect has been excluded, 
meaning 𝑣𝑤𝑖𝑛𝑑 = 0. 𝐶𝑟 is the rolling resistance coefficient and 𝛼 is the 
inclination angle. WLTP does not consider road inclination, resulting in 
𝐹𝑔 = 0 and 𝐹𝑟 = 𝐶𝑟𝑚𝑔. (17)-(18) were then used to calculate motor load 
torque values, 𝑇𝐿, as well as rotational speeds of the rotor, 𝑤𝑟.

𝑇𝐿 =
𝐹𝑡𝑟𝑤ℎ𝑒𝑒𝑙

𝑛𝑔𝜂𝑛
(17)

𝑤𝑟 =
𝑣𝑐𝑎𝑟

3.6𝑟𝑤ℎ𝑒𝑒𝑙
𝑛𝑔 (18)

Table 1
Vehicle parameters [29], [31], [10].

Parameter Large EV 
Curb weight + driver 𝑚 (kg) 1700 + 75 
Front area 𝐴 (m2) 2.3 
Aerodynamic drag coefficient 𝐶𝑑 0.29 
Rolling resistance coefficient 𝐶𝑟 0.007 
Wheel radius 𝑟𝑤ℎ𝑒𝑒𝑙 (m) 0.312674 
Bearing friction coefficient, 𝜇𝑟 0.002 

Table 2
Machine parameters, based on Toyota Prius 2010 [32], [10].

Machine parameter Value 
Stator outer diameter (m) 0.264 
Stator inner diameter, 𝐷𝑖 (m) 0.1619 
Stack length (m) 50.8 ⋅ 10−3

Number of poles 8 
Number of stator slots 48 
Stator slot height (m) 30.9 ⋅ 10−3

Stator slot opening width (m) 1.88 ⋅ 10−3

Stator tooth width (m) 7.55 ⋅ 10−3

Airgap length, 𝑙𝑎𝑖𝑟 (m) 0.73 ⋅ 10−3

Magnet dimensions (m) 49.3 ⋅ 10−3

× 17.88 ⋅ 10−3

× 7.16 ⋅ 10−3

Number of coils per slot 1 
Number of turns per coil 11 
Number of parallel paths 1 
Number of series turns per phase 88 
Stator phase resistance 25 ◦C, 𝑅𝑎 (Ω) 0.077 
Type of iron M19_29G 
Iron loss coefficients: 

Eddy current loss coefficient, 𝑘𝑐 (𝐴2𝑠3𝑘𝑔−1𝑚−1) 0.211218 
Hysteresis loss coefficient, 𝑘ℎ (𝐴2𝑠2𝑘𝑔−1𝑚−1) 156.32 
Excess loss coefficient, 𝑘𝑒 (𝐴1.5𝑠1.5𝑘𝑔−0.5𝑚−1) 6.2369 

Type of magnet N36Z 
Stator iron mass, 𝑚𝑠𝑡𝑎𝑡𝑜𝑟 (kg) 10.37 
Rotor iron mass, 𝑚𝑟𝑜𝑡𝑜𝑟 (kg) 6.7 
PM mass, 𝑚𝑃𝑀 (kg) 0.775 
Total motor mass (kg) 20.75 
Gear ratio, 𝑛𝑔 8.6 
Reduction gear efficiency, 𝑛𝑛 0.99 
Bus voltage*, 𝑉𝐷𝐶 (V) 800 

*Original bus voltage for Toyota Prius is 650 V.

where 𝑟𝑤ℎ𝑒𝑒𝑙 is the wheel radius, see Table 1. 𝑛𝑔 is the gear ratio and 𝜂𝑛
is the gear axle efficiency. Both can be found in Table 2.

The dynamics of electromagnetic torque, 𝑇𝑒 , is explained with (19), 
and was used to determine the motor torque for each operating point.

𝑇𝑒 − 𝑇𝐿 = 𝐽
𝑑𝜔𝑟

𝑑𝑡 
+ 𝜇𝑟𝜔𝑟 (19)

with 𝑇𝐿 being load torque, 𝐽 the inertia coefficient and 𝜇𝑟 the bearing 
friction coefficient, the latter can be found in Table 1. The change in 
inertia could be left out in the calculation of electromagnetic torque, 
and instead be included in the dynamic model simulations. However, 
since the model in this study operates in a semi-steady state with no 
net-change in velocity of the rotor, this still needs to be included in the 
torque calculation in order to take the change in inertia into account. 
𝐽 should normally include all rotating parts, including wheels, gears 
and motor throughout the power train. Due to limited available data, in 
this study it was approximated to only constitute the rotor. Magnet and 
rotor steel material densities are similar, leading to an evenly distributed 
weight in the rotor, and simplified the calculation of the motor inertia, 
𝐽 , as (20), see Table 2.

𝐽 = 1
2
(𝑚𝑃𝑀 +𝑚𝑟𝑜𝑡𝑜𝑟) ⋅ (

(𝐷𝑖 − 𝑙𝑎𝑖𝑟)
2 

)2 (20)
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Fig. 1. WLTP operating points (OP) along with resulting Energy Center of Grav

ity (ECG) grid and points.

Equations (12)-(20), together with WLTP data, determined the motor 
torque and speed demands, and the established operating points were 
then quantified using ECG.

ECG utilizes an energy weighted average to find the operating points 
within a specified sub-region, using (21)-(23), centered in the points 
𝑤𝑚𝑐𝑖 and 𝑇𝑚𝑐𝑖 [11]. All points within the different subregions are com

bined into one point per subregion. Compared to a method which uses 
the average speed and torque, ECG shifts the operating point towards 
speed and torque values where most of the energy is located.

𝐸𝑖 =
𝑁𝑖∑

𝑗=1,2...
𝐸𝑖𝑗 (21)

𝑤𝑚𝑐𝑖 =
1 
𝐸𝑖

𝑁𝑖∑
𝑗=1,2...

𝐸𝑖𝑗𝑤𝑚𝑖𝑗 (22)

𝑇𝑚𝑐𝑖 =
1 
𝐸𝑖

𝑁𝑖∑
𝑗=1,2...

𝐸𝑖𝑗𝑇𝑚𝑖𝑗 (23)

where 𝑁𝑖 is the number of operating points and 𝐸𝑖 is the total energy 
within the specified grid sub-region.

The energy distribution factor, 𝜖𝑑 , how much of the total energy 
is distributed within each sub-region, can be calculated by dividing the 
total energy within one grid, 𝐸𝑖 , by the sum of the energy for all regions, 
𝐸𝑡𝑜𝑡, see (24).

𝜖𝑑,𝑖 =
𝐸𝑖

𝐸𝑡𝑜𝑡

(24)

In the original study of ECG [11], six energy-intensive operating 
points were identified. The operating region was then divided into six 
subregions and ECG points were calculated from the remaining oper

ating points, excluding the six energy-intensive points, leading to 12 
evaluated points in total. The energy-intensive points arose because in 
the original study, the NEDC drive cycle was used, where the energy 
is more concentrated since this drive cycle is less dynamic than WLTP. 
The total energy loss difference between full drive cycle and the ECG 
method was 2.1%. For this study, since WLTP is used as the drive cycle 
and the operating points are more evenly divided, no energy-intensive 
points were used on their own. Instead, the operating region, defined by 
limits of maximum torque and speed, was divided into 12 subregions, 
of which only 10 contained points. A previous study performed by the 
authors [10], showed the effects of quantification for the same machine 
design as in this study using the WLTP drive cycle. Even if a different 
quantification method was used, the effect of quantification on losses 
and efficiency seems to be minimal even at high levels of quantifica

tion, and 12 subregions were deemed enough for the purpose of this 
study. The WLTP operating points are visualized in Fig. 1, along with 
the grid used to divide the operating region and the ECG points.

Fig. 2. FEM model of motor based on Toyota Prius 2010, with modifications. 

3.2. PMSM model

The motor, based on the 2010 Toyota Prius, was chosen due to the 
existence of well-documented parameters for this machine. The motor 
was modeled in Ansys Maxwell 2D, using the parameters shown in Ta

ble 2.

The original motor is skewed by 7.5. This can be achieved in Ansys 
Maxwell 2D by running multiple simulations where the rotor position 
is shifted in the rotational direction between simulations. However, this 
will increase simulation time linearly to the number of skew layers and 
was deemed unnecessary for this study. The choice was therefore made 
to split the slots into two winding layers and change the slot pitch to 
150 degrees compared to its original 180 degrees, in order to achieve 
the effect of reduced harmonics. The motor model can be seen in Fig. 2. 
The impact on the maximum torque ripple for this machine by changing 
the slot pitch was found to be small, and not comparable to using skew, 
although it almost completely eliminated the sixth harmonic.

One important aspect of optimal motor control, especially for 
interior-mounted permanent magnet synchronous motors (IPMSMs), is 
achieving correct estimates of inductance and flux linkages. Given that 
the magnitude and angle of the current directly influence both flux link

age and inductance, one way to solve this is by creating look-up tables 
(LUTs). In this study, the Ansys Maxwell 2D was used to run a para

metric study, for one quarter of a mechanical rotation, varying the RMS 
current magnitude from 0 to 200 A and the phase advance angle from 0 
to 90 degrees with steps of 10 A and 10 degrees, respectively, for each 
simulation. With these LUTs, inductance and flux linkage values could 
be retrieved during the simulations, using linear interpolation.

Higher data resolution LUTs, as well as correct choice of interpo

lation method together with introducing a third axis for rotor angular 
position, will likely yield better results, although it increases simulation 
time, as investigated in [33]. Increased accuracy in these inductance 
and flux linkage interpolations will allow for better initial estimations 
of voltages in the model, as well as better decoupling between d- and 
q-axis voltage in the current control method, at the cost of more com

puter processing. In a real-life scenario this also increases the need for 
a more exact knowledge of rotor position, in order to fully achieve the 
gains of high granularity.

3.3. Model description

A control interface was built using MATLAB and Simulink. Ansys 
Twin Builder was used to connect the FEM simulations in Ansys Maxwell 
2D with the control system in Simulink. In Twin Builder it is possible to 
extract torque, currents, voltages, back-emf and copper and iron losses 
from the FEM simulations in Maxwell 2D, as well as apply excitation 
voltages on the FEM model. Twin Builder could then send these values 
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Fig. 3. Full model schematic. The blocks in the white background, along with the blue and yellow squares, are constructed within Simulink, the green square is 
implemented in Twin Builder/Simplorer and the pink square is the FEM model in Ansys Maxwell 2D, see Fig. 2.

to the control system in Simulink, and Simulink/MATLAB was also used 
to store and display the results. Twin Builder has also been used to add 
the inertia, load torque and initial speed of the electric machine, all 
of which can also be managed via the control system in Simulink. The 
full model can be seen in Fig. 3. The physical switches indicate where 
the model changes when different control modes, current source (CS), 
voltage source (VS) and switching, are activated.

A three-phase two-level inverter was constructed in Simulink, using 
ideal components. Since this study only evaluates motor losses, all com

ponents of the inverter and the connecting cables were assumed to be 
free from losses. The voltage and current outputs of this inverter were 
then sent to Twin Builder using the co-simulation interface, where they 
controlled ideal voltage and current sources. The outputs from these 
sources were transferred to the FEM model. The current level control 
method used in the Simulink model for this study was maximum torque 
per ampere (MTPA). A common way to utilize MTPA is to transform 
the voltages and currents into their dq components [34], [35], using 
(25)-(28).

𝑖𝑑 = −|𝑖𝑠|𝑠𝑖𝑛𝛼 (25)

𝑖𝑞 = |𝑖𝑠|𝑐𝑜𝑠𝛼 (26)

𝑣𝑑 =𝑅𝑠𝑖𝑑 +𝐿𝑑

𝑑𝑖𝑑

𝑑𝑡 
−𝜔𝑒𝐿𝑞𝑖𝑞 (27)

𝑣𝑞 =𝑅𝑠𝑖𝑞 +𝐿𝑞

𝑑𝑖𝑞

𝑑𝑡 
+𝜔𝑒𝐿𝑑𝑖𝑑 +𝜔𝑒𝜆𝑃𝑀 (28)

where 𝑖𝑑 and 𝑖𝑞 are the dq-current magnitudes, 𝑖𝑠 the stator current, 
𝛼 is the current phase advance angle, which here has been defined as 
the angle between the q-axis and the direction of the current, 𝑣𝑑 and 𝑣𝑞
are the dq-voltages, 𝑅𝑠 is the stator winding phase resistance, 𝐿𝑞 and 
𝐿𝑑 are the q-axis and d-axis inductances and 𝜆𝑃𝑀 is the flux linkage 
originating from the permanent magnets.

The generated electromagnetic torque, expressed in the dq reference 
frame, can be calculated using (29).

𝑇𝑒 =
3
2
𝑝𝑝(𝜆𝑃𝑀 (𝑖𝑑 , 𝑖𝑞)𝑖𝑞 + (𝐿𝑑 (𝑖𝑑 , 𝑖𝑞) −𝐿𝑞(𝑖𝑑 , 𝑖𝑞))𝑖𝑑 𝑖𝑞) (29)

where 𝑝𝑝 is the number of pole pairs.

There are restrictions on maximum current, 𝑖𝑠, and voltage, 𝑣𝑠, due 
to inverter and control methods along with motor limitations, given by 
(30) and (31).

𝑖𝑠 =
√
𝑖2
𝑑
+ 𝑖2

𝑞
≤ 𝑖𝑚 (30)

𝑣𝑠 =
√
𝑣2
𝑑
+ 𝑣2

𝑞
≤ 𝑣𝑚 (31)
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Table 3
Simulink control system 
parameters.

Parameter Value 
𝑀𝑡ℎ 0.99 
𝑐𝐼,𝑣𝑎 100 
𝑅𝑠 0.1 
𝐿𝑑 2 ⋅ 10−3

𝐿𝑞 5 ⋅ 10−3
𝑐𝑃 ,𝑖𝑑 4 
𝑐𝐼,𝑖𝑞 200 
𝑐𝑃 ,𝑖𝑞 10 
𝑐𝐼,𝑖𝑞 200 
𝜎 5 ⋅ 10−4

𝑐𝑃 ,𝑇 2 
𝑐𝐼,𝑇 100 

𝑣𝑚 =
𝑉𝐷𝐶

2 
(32)

where 𝑉𝐷𝐶 here is simplified to be the battery voltage. For these calcu

lations, no voltage drop over the inverter is included since ideal power 
electronic components are assumed.

Both the phase advance angle of the current and its magnitude in

fluence the generation of torque, as seen in (29). To achieve optimal 
dq-currents according to MTPA, for the torque and speed values re

quested, a torque/speed/current LUT was created and utilized.

The voltage adjustment/flux weakening block is activated when the 
average voltage level increases above the allowed limit, set by the mod

ulation index 𝑀𝑡ℎ. It changes the relation between 𝑖𝑑 and 𝑖𝑞 , to keep the 
voltage as close to the set limit as possible. The dq-currents are trans

formed into polar coordinates. When the calculated motor voltage is 
higher than the limit set by the inverter restrictions and modulation in

dex, d-current is increased to lower induced voltage in the motor. The 
torque controller makes sure to keep the torque at the set target value.

PI controllers were used to maintain torque and dq-current values. 
By rewriting (27)-(28), and introducing the new control variables 𝑢𝑑 =
𝜔𝑒𝐿𝑞𝑖𝑞 +𝑣𝑑 and 𝑢𝑞 = 𝜔𝑒𝐿𝑑𝑖𝑑 −𝜔𝑒𝜆𝑃𝑀 +𝑣𝑞 , we get two decoupled, first 
order subsystems (33)-(34), which forms the basis for the PI controllers.

𝑢𝑑 =𝑅𝑠𝑖𝑑 +𝐿𝑑

𝑑𝑖𝑑

𝑑𝑡 
(33)

𝑢𝑞 =𝑅𝑠𝑖𝑞 +𝐿𝑞

𝑑𝑖𝑞

𝑑𝑡 
(34)

The PI gains can then be found through the 𝑐𝑃 = 𝐿

𝜎
and 𝑐𝐼 =

𝑅𝑠

𝜎
, where 

𝑐𝑝 and 𝑐𝐼 are the PI controller values for proportional and integral gain 
respectively, and 𝜎 is the time constant.

A constant temperature of 100 ◦C was assumed for all evaluated op

erating points. Resistance data for the Toyota Prius 2010 is available at 
25 ◦C from [32], and the new resistance at 100 ◦C was calculated to 0.1 
Ω.

As was mentioned previously, 𝐿𝑑 and 𝐿𝑞 change both with regards 
to saturation and rotor position, they are functions of current magnitude 
and phase advance angle. However, during model testing variable PI 
gains were noticed to introduce some instabilities during fast changes 
in currents, and the gains were therefore set as fixed throughout all 
operating points. The values, as well as resulting values for 𝑐𝑃 ,𝑖 and 𝑐𝐼,𝑖
for both d- and q-current, can be seen in Table 3. The time constant, 𝜎, 
was set to 5 ⋅ 10−3, 10 times larger than the 5 kHz switching frequency 
used in the model, to not have the PI controller react strongly on inverter 
switching.

Control models can be based on either speed or torque reference val

ues. The model can be operated using both methods, however, for this 
study a torque control method was implemented. The model can be de

scribed with two loops, the outer one containing either the torque or 
speed control, and the inner controls dq-currents. To avoid having the 
model react to torque ripple, a moving average filter was implemented, 
with a sliding window length covering one electrical period. The PI con

Table 4
Ansys Machine Toolkit input parameters.

Parameter Input 
Voltage control Third harmonic PWM 
Control Strategy MTPA 
Connection type Wye 
Number of electric periods simulated 1 
Number of time steps per period 30 
Number of periods used for average 1 
Number of current sweep points 10 
Number of angle sweep points 10 
Number of speed sweep points 10 
Phase resistance (Ohm) 0.1 
End winding inductance (mH) 0 

troller proportional and integral gains, 𝑐𝑃 ,𝑇 and 𝑐𝐼,𝑇 , can be seen in 
Table 3.

AMT can be used to generate efficiency curves, as well as the cor

responding dq-currents. Torque/speed-to-current LUTs for a sweeping 
range of torque and speed values were created using these, and were 
used in the control model, see Fig. 3. The input parameters for this 
toolkit can be seen in Table 4.

The operating point current values for each respective torque and 
speed value, calculated using ECG, were used as initial values in the 
model. A PI controller was then utilized to adjust the torque level, when 
the torque target given from the torque/speed-to-current LUTs varied 
from the target torque. Since the model was run in a semi-stable state, 
meaning that no change in rotational speed was necessary, this reg

ulation was not optimized. Instead, the parameters for the torque PI 
controller were chosen to provide a stable output within a reasonable 
time frame.

It is possible to choose different operating modes and inverter con

trol methods in the model. The methods used in this study are ideal 
sinusoidal CS and ideal VS control, as well as sinusoidal pulse width 
modulation (SPWM) voltage control. For the previous two systems, the 
inverter is disconnected and the current and voltage sources are di

rectly controlled with control system output. The switching frequency 
for SPWM was also adjusted, and switching frequencies of 2 kHz, 5 kHz 
and 10 kHz were implemented. A higher switching frequency is possible 
to implement; however, this could impact the need for higher sampling 
frequency, which directly impacts the simulation time. The sampling 
frequency, 𝑓𝑠 was fixed during all tests and set at 200 kHz, which was 
chosen to be fast enough to not have a too large impact on the results 
[36], while still minimizing the simulation time. The choice of sample 
frequency for real-life applications is usually set by equipment restric

tions and control optimization, and will have a distinct impact on losses 
[14].

When running the machine with an ideal CS the model can no 
longer regulate optimally regarding voltage, since the instantaneous in

ductances are unknown in the model, which creates some comparison 
dilemmas for this case. Therefore, the choice was made to fix the cur

rent in the d-axis to provide a realistic and sufficient flux weakening, 
and only allowing the current in the q-axis to vary to achieve the wanted 
torque. CS and VS are therefore run as two different simulations.

Several different methods have been used to decrease model sim

ulation time. Since steady-state operating points are investigated, the 
different operating point speeds could be used directly as the initial 
speed. During initialization and before model stabilization, it is possi

ble for the simulation to experience high values of current and torque. 
In order to assure model and speed stability during the first simu

lation period, as well as to limit simulation time, the inertia of the 
machine was increased manifold during initialization. This was also im

plemented during switching of control mode, since a similar, although 
often smaller, fluctuation of current and torque can be experienced. By 
increasing the inertia, this ensures that the correct speed is still main

tained. The inertia was then gradually decreased to its actual value 
once the model had stabilized. This greatly reduced simulation time and 
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increased model stability, and proved to be a good method to make dy

namic co-simulations more achievable. A second method utilized in this 
study was to provide precise initial currents estimations, found through 
AMT efficiency map creation. Through this, the control model has a 
fairly accurate starting point. Third, by initializing the model with a 
CS as the power source and estimating correct voltages, the model can 
more quickly stabilize, and when later changing to a voltage driven sys

tem and implementing switching the control system is already close to 
the correct values, greatly reducing simulation time. The final action 
taken was to apply an average load torque calculated from the actual 
motor torque achieved. This, in combination with high inertia for model 
initialization and switching steps, created a more stable simulation, and 
this method automatically tunes itself.

3.4. Losses and efficiency

Copper losses for each respective sub-region in the ECG grid were 
calculated using (35).

𝑃𝑐𝑢,𝑖 =
3
2
𝑅𝑠(

√
𝑖2
𝑑,𝑖

+ 𝑖2
𝑞,𝑖
)2 (35)

Given the stranded nature of the windings of the Toyota Prius 2010, 
AC copper losses have been excluded, although it is possible to activate 
these calculations, allowing Ansys Maxwell to calculate both DC and AC 
copper losses.

Iron losses for each evaluated operating point, 𝑃𝑖𝑟,𝑖, were simulated 
in Ansys Maxwell 2D. Average values for both copper and iron losses for 
two electric periods, once the motor control model had stabilized, were 
then calculated. Constant iron loss coefficients were provided through 
the Ansys material database and these were used in the calculation of 
iron losses, with values given in Table 2, both for transient simulations 
and for AMT, to make the different methods comparable. A loss correc

tion factor is often used, to decrease the mismatch between calculated 
or simulated values and real-life measurements. In this study, it was set 
to 1.7 for all control modes, as well as for AMT.

Potential magnet loss can be calculated using Ansys Maxwell. It was 
excluded from the study, since this will demand a higher mesh density 
inside the magnets and increase simulation time.

The complete drive cycle efficiency could then be calculated using 
(36).

𝜂 =
𝑁𝑜∑

𝑖=1,2...
𝜖𝑑,𝑖

𝑇𝑚𝑐𝑖𝑤𝑚𝑐𝑖

𝑇𝑚𝑐𝑖𝑤𝑚𝑐𝑖 + 𝑃𝑐𝑢,𝑖 + 𝑃𝑖𝑟,𝑖
(36)

4. Results and discussion

The choice of motor design was justified by two different arguments. 
Firstly, the motor is well documented and studied, regarding both ma

chine parameters and performance. Secondly, this study is meant to 
show the importance of dynamic loss and efficiency simulations and 
not to evaluate a specific motor type. By using a well-documented ma

chine, it simplifies comparisons with other studies and enables easier 
verification from additional sources.

Motor losses and efficiency are often displayed using so-called effi

ciency maps, limited by a torque/speed curve. Since only 10 points have 
been analyzed in this study, this is not possible. However, the energy 
density for these operating points along with the respective efficiency 
of each point has been visualized in Fig. 4. This case is when the mo

tor is run with ideal sinusoidal currents, which is used as the reference 
case when comparing the other control modes. It can be seen that most 
of the energy is located in the bottom right and also in the middle of the 
drive cycle.

The current ripple magnitude for operating point 1 and 9, compared 
to using an ideal CS, is displayed in Figs. 5-6. As expected, we see an 
increase in current ripple when switching is introduced. For low speeds 
we see that even lower switching frequencies manage to keep the current 

Fig. 4. ECG energy distribution for WLTP and resulting efficiency using an ideal 
sinusoidal current source.

Fig. 5. Phase currents for different supply methods, ideal sinusoidal current 
source (CS), ideal voltage source (VS) and switching frequencies 10 kHz (10k), 
5 kHz (5k) and 2 kHz (2k) for operating point 1 and zoomed in on sample area.

quite stable. For high speeds this is no longer the case, and the current 
waveform sees a large degree of instability.

The model torque response and the resulting copper losses, iron 
losses and efficiency for operating point 1 and 9 respectively can be 
seen in Figs. 7-8. Here the impact of the current ripple can clearly be 
seen. Torque ripple increases with both an introduction to switching, as 
well as decreasing the switching frequency, which is to be expected. It is 
however interesting to see that torque ripple actually lowers when the 
ideal VS is used.

The impact on copper losses is relatively low regardless of control 
method, except for very low switching frequencies and higher speeds. 
For iron losses there is a large increase when switching is initiated, with 
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Fig. 6. Phase currents for different supply methods, ideal sinusoidal current 
source (CS), ideal voltage source (VS) and switching frequencies 10 kHz (10k), 
5 kHz (5k) and 2 kHz (2k) for operating point 9 and zoomed in on sample area.

lower speeds being more affected. For point 9, at high speeds, we can see 
that the control system is struggling to keep the average torque stable, 
due to the high content of current harmonics, which greatly affects both 
copper and iron losses. The torque ripple is also affected, and we see 
a larger percentage of increase for low switching frequencies at higher 
speeds. These effects could possibly be reduced by fine-tuning of the 
control system, and reducing the current controller PI gains, although 
the latter would result in a slower control.

The results from the different control methods can be seen in Table 5. 
Copper losses are not majorly impacted by the introduction of switching, 
nor by the switching frequency. Although, we can see large increase in 
copper losses for the lowest switching frequencies, caused by the large 
current harmonics, especially at high speeds. Multiple case studies have 
tested the impact of switching frequency. In [14], motor iron losses de

crease with an increase in switching frequency, until approximately 100 
kHz, which is much higher than the frequencies investigated in this 
study. Similarly, in [15], the same pattern can be seen, although here 
the total losses are recorded. In [16], where FEM simulations and exper

imental testing were both carried out for a single operating speed and 
two torque values, it can clearly be seen that low switching frequency, 
2.5 kHz, has a large impact on the losses, with both 5 kHz and 10 kHz 
having losses approximately 25-30% lower for low torque operation. A 
sinusoidal voltage supply also reduced losses with an additional 15%. In 
our study, the impact on the copper losses is minor until higher speeds 
are reached, even for low switching frequencies. One explanation for 
this could be due to differences in machine design and their inductance 
values, which would change how switching frequency impacts current 
harmonics. This could explain why large differences in copper losses are 
only seen for higher speeds in our study.

What is interesting to observe is that the copper and iron losses are 
lower for a switching frequency of 5 kHz than it is for 10 kHz at high 

Fig. 7. Torque, losses and efficiency for different control methods, separated by 
solid vertical lines, including ideal sinusoidal current source (CS), ideal voltage 
source (VS) and switching frequencies 10 kHz (10k), 5 kHz (5k) and 2 kHz (2k), 
for operating point 1. Instant values are shown with blue lines, while moving 
average values over half an electric period are marked with orange.

speeds, which also corresponds well to the experimental results in [16]. 
Above base speed, we notice that the decrease in frequency actually 
reduces the average current needed to produce the necessary torque. 
Fig. 9 shows the changes in current magnitude for operation point 7, and 
it is clear that the average currents are lower for switching frequencies 
of 5 kHz and 2 kHz compared to 10 kHz. The reduced average current 
lowers the copper losses.

However, the reduction is limited by the increase in current har

monic content, seen in the results from a total harmonic distortion 
(THD) analysis shown in Table 5, and larger current peaks at high 
speeds, as seen in Fig. 6. THD has been calculated for current and torque 
using equation (37).

𝑇𝐻𝐷 =

√√√√√ 𝑁∑
𝑗=2 

(
ℎ𝑗

ℎ1
)2 ⋅ 100% (37)

where ℎ𝑗 is the magnitude of the different harmonic components, and 
when looking at current THD, ℎ1 is the magnitude of the fundamental, 
and for torque THD, ℎ1 is the average torque component. Low torque 
and high speeds seem to especially affect current THD when switching 
frequency is lowered. However, the relative change in current THD seem 
to be more stable between the points, and for example operating point 
3, which has the highest THD for all low speed operating points, actu

ally experiences the lowest relative change when switching frequency 
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Table 5
Drive cycle control method evaluation for Ansys Machine Toolkit (AMT), Current Source (CS), Voltage Source (VS) and switching frequencies 10 
kHz, 5 kHz and 2 kHz.

Operating point ECG Method 1 2 3 4 5 6 7 8 9 10 
Speed (rpm) 1632.0 1757.9 1641.5 3220.1 3409.3 3882.5 5483.3 6203.4 8121.8 8880.7 
Target Torque (Nm) 93.97 60.64 22.93 91.98 57.02 23.16 58.99 20.89 46.00 27.51

Actual torque [average] (Nm) AMT 93.97 60.64 22.93 91.98 57.02 23.16 58.99 20.89 46.00 27.51 
CS 93.97 60.64 22.93 91.97 57.02 23.16 58.98 20.90 45.97 27.52 
VS 93.96 60.62 22.90 91.95 56.98 23.12 58.90 20.76 46.03 27.51 
10 kHz 93.99 60.67 22.89 91.92 56.99 23.15 58.95 20.91 45.99 27.50 
5 kHz 93.94 60.61 22.97 91.96 57.01 23.14 58.91 20.86 46.04 27.66 
2 kHz 93.93 60.61 22.93 91.98 57.01 23.20 58.99 20.81 45.44 27.82

Power (kW) AMT 16.06 11.16 3.94 31.02 20.36 9.42 33.87 13.57 39.12 25.58 
CS 16.06 11.16 3.94 31.01 20.36 9.42 33.86 13.57 39.10 25.59 
VS 16.06 11.16 3.94 31.01 20.34 9.40 33.82 13.49 39.15 25.58 
10 kHz 16.06 11.17 3.93 31.00 20.35 9.41 33.85 13.58 39.12 25.58 
5 kHz 16.05 11.16 3.95 31.01 20.35 9.41 33.83 13.55 39.16 25.72 
2 kHz 16.05 11.16 3.94 31.01 20.35 9.43 33.87 13.52 38.64 25.87

Copper losses (W) AMT 1000.3 441.8 79.9 953.6 397.4 81.4 447.0 69.0 624.8 366.7 
CS 966.2 421.3 73.1 951.6 396.0 75.0 411.3 64.3 558.1 332.8 
VS 963.4 420.1 72.8 946.2 393.9 74.6 410.5 63.8 564.6 336.6 
10 kHz 964.9 421.4 73.2 946.6 394.2 75.4 425.8 67.0 602.2 369.9 
5 kHz 964.7 421.4 73.6 951.1 395.7 75.8 418.0 67.3 587.6 356.1 
2 kHz 973.4 425.8 74.4 974.0 412.6 82.8 449.5 99.9 778.5 494.3

Iron losses (W) AMT 121.8 116.3 86.9 308.4 285.3 279.8 551.8 531.4 1115.5 1157.7 
CS 115.8 111.3 85.8 283.5 272.5 259.2 469.7 465.3 872.7 896.1 
VS 115.7 110.9 86.2 282.1 271.7 259.5 469.0 461.2 856.3 886.1 
10 kHz 195.8 190.1 155.5 385.7 375.1 354.6 543.3 525.2 934.5 968.3 
5 kHz 201.6 195.0 155.2 394.2 380.1 364.4 551.0 539.6 930.1 957.6 
2 kHz 210.2 200.8 159.4 399.9 385.4 363.0 563.9 547.5 1026.3 1034.7

Efficiency (%) AMT 93.44 95.15 95.50 96.06 96.65 95.82 97.07 95.10 95.65 94.00 
CS 93.23 95.19 95.85 96.00 96.70 96.35 97.37 95.95 96.26 94.93 
VS 93.25 95.20 95.82 96.02 96.71 96.31 97.37 95.92 96.30 94.98 
10 kHz 92.75 94.50 94.05 95.69 96.20 95.30 97.11 95.43 95.98 94.51 
5 kHz 92.72 94.46 94.06 95.65 96.17 95.17 97.10 95.30 96.03 94.63 
2 kHz 92.64 94.38 93.94 95.56 96.06 95.08 96.97 94.78 95.08 93.62

Torque ripple compared to CS (%) AMT N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
CS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
VS -9.1 -13.8 -5.0 -13.2 -14.5 -4.8 -12.7 -2.7 -5.1 -5.5 
10 kHz 29.5 31.2 17.5 17.7 12.2 20.7 19.9 16.4 11.8 13.2 
5 kHz 46.6 43.1 25.0 37.8 50.8 29.2 19.0 22.9 31.9 15.2 
2 kHz 127.8 116.4 57.4 130.9 117.4 95.8 78.6 114.5 121.3 111.6

Torque THD (%) AMT N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
CS 9.77 13.8 26.4 10.1 13.6 26.5 14.7 28.7 18.4 26.9 
VS 8.98 12.1 25.0 8.94 12.1 25.4 13.0 27.6 17.5 25.0 
10 kHz 9.66 13.2 26.0 9.32 12.7 25.0 14.2 28.6 17.7 25.2 
5 kHz 10.1 13.5 26.2 9.89 13.5 26.4 13.9 28.1 19.3 25.9 
2 kHz 13.4 17.7 29.4 14.6 19.2 32.7 18.0 36.7 25.5 36.9

Current THD (%) AMT N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
CS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
VS 1.00 1.64 2.74 1.33 1.94 3.11 1.61 3.24 1.77 1.63 
10 kHz 2.64 3.78 7.41 3.58 4.75 8.24 4.58 9.52 3.39 3.95 
5 kHz 3.93 5.02 7.27 5.91 7.11 11.2 7.25 16.8 6.41 8.22 
2 kHz 9.19 11.7 14.7 13.1 19.1 30.5 20.9 47.7 15.9 23.4 

decreases, see Fig. 10. Speed seems to have a more direct impact on rel

ative current THD, although no absolute relationship can be discerned 
from the results.

Relative torque ripple, 𝑇𝑟𝑖𝑝,𝐶𝑀∕𝑇𝑟𝑖𝑝,𝐶𝑆 , where 𝑇𝑟𝑖𝑝 =
𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛

𝑇𝑎𝑣𝑔
⋅ 100%

and 𝐶𝑀 indicates the different control modes, increases when switch

ing is introduced, and further increases when lowering the switching 
frequency. The largest relative increase for this study can be seen for 
high torque values, for example operating point 1 and 4, although an 
increase is also clearly visible for higher speeds, meaning that high accu

racy machine performance evaluation becomes more important if a large 
amount of energy is centered in either high torque or high speed operat

ing points, if torque ripple is a determining design factor. Although, an 
interesting aspect is that even though the torque ripple changes drasti

cally between the control methods, the THD for the torque only differed 

slightly for most control modes, with the one exception being switching 
frequencies of 2 kHz, see Table 5.

Fig. 11 shows the overall drive cycle efficiency for all evaluated 
methods. The drive cycle efficiency of AMT is very similar to the ef

ficiency for the control methods using higher frequency switching, 10 
kHz and 5 kHz, which could indicate that this method is good enough to 
perform drive cycle analysis. However, when we look more deeply into 
the different losses in Table 5 we see that AMT overestimates the cop

per losses while underestimating iron losses, which could have a very 
large impact if different motor designs or drive cycles are evaluated.

It can also be seen that the overall drive cycle efficiency for both 
10 kHz and 5 kHz is identical. Even if small variations can be seen in 
Table 5, this shows that if the increase in torque ripple is acceptable, 
the overall drive train efficiency could be increased by lowering the 
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Fig. 8. Torque, losses and efficiency for different control methods, separated by 
solid vertical lines, including ideal sinusoidal current source (CS), ideal voltage 
source (VS) and switching frequencies 10 kHz (10k), 5 kHz (5k) and 2 kHz (2k), 
for operating point 9. Instant values are shown with blue lines, while moving 
average values over half an electric period are marked with orange.

Fig. 9. Current magnitude (blue) and average current magnitude over half an 
electric period (orange) for operating point 7 for different control methods: Volt

age Source (VS), switching frequencies 10 kHz (10k), 5 kHz (5k) and 2 kHz (2k).

switching frequency, since this would lower the switching losses in the 
inverter.

It was also discovered that the dq-currents from the 2D current LUTs 
generated from the AMT results did not yield correct torque values in the 
dynamic model, especially at higher speeds. We also see an increased 
discrepancy for low torque values. The values and the difference in ac

Fig. 10. Relative THD content for currents at different switching frequencies, 
10 kHz (10k), 5 kHz (5k) and 2 kHz (2k), compared with voltage source (VS).

Fig. 11. Full drive cycle efficiency for all methods, Ansys Machine Toolkit 
(AMT), ideal sinusoidal current source (CS), ideal voltage source (VS) and 
switching frequencies 10 kHz (10k), 5 kHz (5k) and 2 kHz (2k), utilized in this 
study.

Table 6
Unregulated torque from current look-up table compared to target torque.

Operating Point Actual torque (Nm) Target torque (Nm) Difference (%) 
1 94.63 93.97 0.70 
2 60.80 60.64 0.27 
3 21.59 22.93 -5.87 
4 91.27 91.98 -0.77 
5 55.58 57.02 -2.52 
6 21.69 23.16 -6.34 
7 60.52 58.99 2.59 
8 19.05 20.89 -8.79 
9 56.11 46.00 21.99 
10 34.76 27.51 26.36 

tual torque and target torque can be seen in Table 6. This error can lead 
to inaccuracies in motor performance estimation, and in real driving 
scenarios an unoptimized control and larger losses. A possible way to 
reduce the error could be to use higher granularity LUTs, or by intro

ducing a third axis which also takes rotor position into consideration, 
although this will increase simulation time.

These results show that, even though the overall losses and efficiency 
stay fairly consistent across the full range of speeds and torques, the use 
of LUTs and the methods of calculating an efficiency map employed 
in Ansys Maxwell can lead to errors, especially at high speeds. If that 
method is to be used, it is important to evaluate the resolution used for 
the input parameters.

It is important to note that the results shown in this paper are case

specific, both with regards to motor design, control system and choice of 
evaluation. A change in PI parameters, modulation index or sample time 
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will provide variations on the output, both with regards to current ripple 
and the resulting losses, although a similar pattern should be visible. 
Therefore, the developed model should be seen as a tool in how it is 
possible to evaluate motor design on a deeper level, and it showcases 
the importance of investigating the impact of switching frequencies for 
the full vehicle operating range.

Analyzing high-frequency effects using FEM on longer time frames is 
very time consuming, and dynamic models are therefore seldom used. 
However, by combining different methods it has been shown in this 
paper that it is possible, and this allows for a deeper analysis of a mo

tor’s design before manufacturing and physical testing. Combining this 
with a commonly used quantification method has allowed for motor 
drive cycle analysis. The large discrepancies between the different sup

ply methods show the importance of these studies, and can be used to 
achieve more accurate and efficient control methods and algorithms, 
lowering machine losses as well as allowing for more correct sizing of 
system cooling, since a better estimation of losses is attained.

5. Conclusions

This study shows the importance of evaluating the dynamics of a ve

hicle powertrain when it comes to motor efficiency. It also demonstrates 
that it is possible to evaluate the impact of the switching frequency for 
multiple operating points, as well as how it affects overall drive cycle 
efficiency.

A dynamic simulation model has been developed consisting of a FEM 
model that reacts to control input. It has been used to evaluate the 
impact on a PMSM running the WLTP drive cycle for different power 
supplies and inverter switching frequencies. The results demonstrate 
that simulating a motor model with an ideal sinusoidal CS could be in

sufficient to evaluate the full performance of a drive cycle. Especially if 
the ratio between the motor and the switching frequency becomes too 
low, for example if the motor is expected to run at high speeds or a lower 
switching frequency is used.

It is clear that switching has an effect on both losses and torque ripple 
and that different switching frequencies also affect the overall perfor

mance. Introducing switching has a larger impact on iron losses at low 
speeds, while copper losses see a larger relative increase when the ra

tio between fundamental rotational frequency and switching frequency 
becomes too low.

However, the effect by lowering the switching frequency, for this 
motor and control method, can almost be considered negligible until we 
reach low switching frequencies. When comparing 10 kHz and 5 kHz, 
above base speed, the increase in copper losses from current harmon

ics arising due to lower switching frequencies is compensated by the 
decrease in current magnitude. This also has other implications; for ex

ample, base speed can be somewhat increased by lowering the switching 
frequency, although further studies on this are necessary. If the increase 
in torque ripple is manageable, then lower switching frequencies could 
be beneficial since inverter losses are reduced.
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