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Abstract  

  
The present study determined by simulation, the energy efficiency of the internal configuration of the electric traction 
systems: simple traction (case 1) and in-wheel system (case 2), using a permanent magnet synchronous motor (PMSM) 
with a field oriented control (FOC). The study proposes an analysis in the VSI (Voltage Source Inverter) topology 
where the design of each configuration is explained and an energy efficiency analysis is presented taking into account 
the power losses in each configuration through simulation in PSIM (Powersim). Finally, the results are tested in a 
traction system model of the ADVISOR (Advance Vehicle Simulator) in the UDDS driving cycle where the energy 
efficiency of each configuration is determined.  
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1. Introduction  
Electric Vehicles today have surpassed expectations worldwide. Many manufacturers have focused their research and 
development on making their vehicles more efficient by considering improvements in the Battery system and power 
inverters.    
1.1 Objectives  
Analyze the configurations of electric traction systems with a wheel motor and single traction.  
Simulate the selected configurations in the PSIM software.  
Analyze the efficiency of each configuration, this implies a study of losses in the power block of each system. Validate 
the simulations of each configuration in the ADVISOR software.  
  
2. Literature Review   
The technology in batteries that guarantees greater energy efficiency, energy density, autonomy, without memory 
effect, among other characteristics is lithium-ion batteries (Ramachandran et al.2019). In the power block, studies 
show that the energy efficiency of a three-phase inverter can reach 96.74% using silicon carbide elements (SiC) 
(Ozdemir et al. 2016).  
The configuration with simple Traction (Figure.1) is the configuration with the greatest presence on the market. The 
motor is responsible for supplying traction in the vehicle (front or rear), which is controlled by a single inverter, the 
position and material of the battery depends of the manufacturer.  
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Figure 1. Internal stricture of AUDI A3 e-tron traction drive    

  

The in-wheel motor configuration (Figure 2) has in its internal structure a motor in each wheel and for each motor a 
DC/AC converter. Additionally, the system incorporates a DC/DC converter to carry the auxiliary loads (lighting, 
comfort, A/C amount others) that work off 12V, 24V or 48V.  
 Fernández and Coello (2018) show an analysis of power losses is performed in two types of topologies with results 
showing that the block where size and weight can be optimized, among other characteristics, is the inverter block. As 
Kim et al (2016) say that in an urban driving cycle when using SiC elements the average losses are reduced by a factor 
of four compared to the conventional Si elements. Reducing the size and weight of the inverter guarantees greater 
energy efficiency in the electric traction system.  
  

  

   
Figure 2. Internal structure of a vehicle with in-wheel traction system     

  
For electric Traction systems there are several types of inverter topologies, the main ones being:  
  
VSI: Voltage Source topology (Figure 3a) uses a large capacitor on the current bus running continuously in order to 
filter the input current and maintain a constant voltage level (Ozdemir et al. 2016). It is the topology converter most 
commonly used in electric traction systems because the main source of delivery of energy is a high voltage battery.  
CSI: The current Source topology (Figure 3b) has an inductor in its structure in order to store energy. It is not widely 
used in electric traction systems due to the inability of energy regeneration.  
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a) VSI  

  
b) CSI  

Figure 3. Topologies, a) VSI, b) CSI.  
  
The proposed topology for the analysis is the VSI which supplies a three-phase voltage and current for the control of 
the engine where amplitude, phase and voltage frequency are always controlled (Galindo. 2019).  
  
FOC CONTROL   
The control system that shapes the converter power and electric motor is the Fiel Oriented Control (FOC). This 
algorithm allows speed control of a Permanent Magnetic Synchronous Machine (PMSM) (García. 2014). Control FOC 
is based on the transformation of the stationary three-phase system constituted by the stator currents IA, IB and IC in 
a system rotary biphasic that is represented in an imaginary plane d and q that rotate the synchronous frequency. The 
q axis is the axis of the motor torque and along which the magnetic field develop. While the d axis refers to the direct 
axis of the motor flux (Fernández et al. 2016). In the FOC control for VSI topology (Figure 4) vector current and 
voltage are calculated by measuring rotor speed, current flow and torque.  
  

  
Figure 4. General Diagram of the FOC control.  

  
The inverter converts the dropped voltage into the time domain and applied to the engine. The outputs of the PI 
controllers are applied to the inverse of Park and Clarke and this generates the equivalent phase voltages. The current 
draw by the motor is measured only in two phases, since it is a balanced system; the third is estimated based on the 
two streams (Cifre. 2020). The Clarke and Park transforms are applied to the currents, which will become the inputs 
of the PI controllers (Figure 5).  
  

   
Figure 5. Transformations that develop withinthe control FOC.  

  

In this way it is possible to uncouple the components of torque flow, being able to control the motor as if it a DC 
motor. The advantages of using an FOC control are:  
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- Better torque regulation at low speeds.  
- Greater precision in speed regulation.   
- Independent torque and flow control.  
- Fast dynamic response and good performance in stable and transitory state. - Wide speed range through weakening 

of the field.  
  
Power Losses   
Power losses that are generate on topology VSI are conduction losses and switching losses (Galindo. 2019).  The 
power losses due to conduction in the Mosfet and in the Diode can be calculated using the following expressions (1) 
and (2).  

Mosfet:  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑅𝑅𝑂𝑂𝑂𝑂 × 𝑖𝑖2 × (18 + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚3𝜋𝜋 )                   (1) Diode:  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 12 (𝑉𝑉 × 𝜋𝜋𝜋𝜋 ×𝑅𝑅𝑂𝑂𝑂𝑂 𝑖𝑖42)−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐷𝐷 18 +𝑅𝑅𝑂𝑂𝑂𝑂 2𝑖𝑖𝑖𝑖     (2)  
 𝐷𝐷 3 

Where: i is the peak current, 𝑅𝑅𝑂𝑂𝑂𝑂 is the ignition resistence, 𝑉𝑉𝐷𝐷 is the voltage drop across the diode, m is the modulation 
index and cosφ is the power factor.  

The power losses due to switching in the Mosfet and in the Diode can be calculated using the following expressions  
(3) and (4).  

Mosfet:  

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑓𝑓𝑠𝑠𝑠𝑠 × (𝐸𝐸𝑂𝑂𝑂𝑂 +𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂)× 𝑉𝑉 𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉 ××  𝑖𝑖𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁            (3)  

Diode:  

 𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑓𝑓𝑠𝑠𝑠𝑠 × 𝐸𝐸𝑟𝑟𝑟𝑟 × 𝑉𝑉 𝑁𝑁𝑁𝑁𝑁𝑁𝑉𝑉 ××  𝑖𝑖𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁                      (4)  

Where: 𝐸𝐸𝑂𝑂𝑂𝑂 are the switching losses for turning on the mosfet and 𝐸𝐸𝑂𝑂𝑂𝑂𝑂𝑂 are the switching losses for turning off the 
Mosfet.  

  
3. Methods  
In this work an analysis is presented to determine the energy efficiency of two configurations of electric traction: 
Configuration with simple traction (case 1) and in-wheel configuration (case 2) which is used in electric bus 
applications. Both configurations are simulated in PSIM to determine losses in the power block (inverter) to 
subsequently validate the results in ADVISOR using a driving cycle. The document a review of the inverter topologies 
in the system of electric traction, the details the design of the FOC control for selected configurations. An analysis of 
losses in the power block for each configuration and the validation developed in ADVISOR.   
  
4. Data Collection   
Design of the FOC control case 1  
The FOC control is designed for a PMSM with the characteristics shown in Table 1 and the simulation parameters are 
shown in Table 2. This motor was used because, as it has a fixed number of poles, the motor speed is kept constant 
with any type of load until the maximum power is reached; allowing its control to be more precise and stable compared 
to other types of electric motors.  
  

Table 1. Parameter of the motor PMSM  
Parameters of the Motor  

Stator Resistance  0.0062  Ω  
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Inductance Ld  6.8e-5  H  
Inductance Lq  1.0e-3  H  

Constant motor flow  0.00922701  V/rad/s  
Moment of inertia  0.00621217  Kgm2  
Number of poles  4    

  

Table 2. Parameter of simulation  
Parameters of simulation  

Source Voltage  80  V  
Frequency  10  KHz  

  
To obtain the transfer functions of the current and speed control the Linear Analysis tool of the Simulink Control 

Design application was used.  

Speed transfer function ω  

1.457e7 s^5 + 5.168e11 s^4 + 7.655e15 s^3 + 6.624e17 s^2 + 7.826e18 s  
y1: --------------------------------------------------------------------------------------------------------------------------------------  

s^7 + 5.053e4 s^6 + 1.073e9 s^5 + 8.434e12 s^4 + 7.762e15 s^3 + 6.624e17 s^2 + 7.826e18 s + 1.119e7  

Current transfer function Id  
  

1.471e4 s^6 + 3.532e7 s^5 + 2.236e9 s^4 + 6.489e9 s^3 + 6.428e9 s^2 + 2.139e9 s  
y2: ---------------------------------------------------------------------------------------------------------------------------------- 

s^7 + 1.72e4 s^6 + 3.569e7 s^5 + 2.25e9 s^4 + 6.515e9 s^3 + 6.441e9 s^2 + 2.139e9 s + 0.001403  

Current transfer function Iq  

1000 s^6 + 3.539e6 s^5 + 5.225e11 s^4 + 8.488e11 s^3 + 3.263e11 s^2 + 2.543e-13 s  
y3: ------------------------------------------------------------------------------------------------------------------------------------- 

s^7 + 3.779e4 s^6 + 6.085e8 s^5 + 1.292e12 s^4 + 5.588e14 s^3 + 4.091e16s^2 + 4.035e16 s - 1.005e5  
  
  
Once the transfer functions are obtained and the curves were smoothed using the Simulink PID Tuning tool the 
values of the constants kp and ki for speed controls and Id and Iq currents shown in table 3.  

Table 3. Constants Kp and Ki 
Constant  kp  ki  

Speed  1.9  2.5  
Current Iq  2.49  528.12  
Current Id  0.02  2.41  

  
With the values of the kp and ki we can finally simulate our circuit in Matlab and we were able to obtain the curves 
of: constant torque, supply currents to motor and motor speed response  
  
Design of the FOC control case 2  

The FOC control is designed for four PMSM due to the characteristics mentioned in case 1. The simulation 
parameters are shown in table 4.  

Table 4. Parámetros de simulación  
Parameters of simulation  

Source Voltage  600  V  
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Frequency  10  KHz  
  

To obtain the transfer functions of the current and speed control the Linear Analysis tool of the Simulink Control 
Design application was used.  

  

Speed transfer function ω  

1.079e4 s^5 + 1.34e7 s^4 + 4.261e9 s^3 + 4.064e11 s^2 + 5.595e11 s  
y1: ----------------------------------------------------------------------------------------------------------------------------------- 

s^7 + 1270 s^6 + 4.978 s^5 + 1.211e8 s^4 + 1.528e11 s^3 + 4.064e11 s^2 + 5.595e11 s + 0.000826  

Current transfer function Id  
  

813.3 s^6 + 3.713e5 s^5 + 1.029e8 s^4 + 1.478e10s^3 + 4.057e11 s^2 + 5.595e11 s + 3.049e-5  
y2: ----------------------------------------------------------------------------------------------------------------------------------- 

s^7 + 1270 s^6 + 4.978e5 s^5 + 1.211e8 s^4 + 1.528e10 s^3 + 4.064e11 s^2 + 5.595e11 s + 0.000826  
  

Current transfer function Iq  
  

2.785 s^6 + 3456 s^5 + 1.096e6 s^4 + 1.036e8 s^3 + 2.28e7 s^2 + 9.233e-17 s   
y3: ------------------------------------------------------------------------------------------------------------------------------------ 

s^7 + 1270 s^6 + 4.978e5 s^5 + 1.211e8 s^4 + 1.528e10 s^3 + 4.064e11 s^2 + 5.595e11 s + 0.000826  

  
 Once the transfer functions are obtained and the curves were smoothed using the Simulink PID Tuning tool the values 
of the constants kp and ki for speed controls and Id and Iq currents shown in table 5.  
  

Table 5. Constants Kp and Ki   
Constant  kp  ki  

Speed  2  2.8  
Current Iq  5.36  1138.67  
Current Id  0.016  3.47  

.  

With the values of the kp and ki we can finally simulate our circuit in Matlab and we were able to obtain the curves 
of: constant torque, supply currents to motor and motor speed response  

With all parameters we can use the values in PSIM, and obtain all results including power losses.  

  
5. Results and Discussion  
  
5.1 Numerical Results  
  

Table 6. Results of power and efficiency losses  
  
  

PSIM  ADVISOR  
Case 1  Case 2  Case 1  Case 2  

Efficiency [%]  92,3  95,8  91  93  
  
5.2 Graphical Results   
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Case 1  
  

  
Figure 6. Motor torque output.  

  

  

Figure 7. Controlled supply current oututs.  

  

  

Figure 8. Controlled motor speed output.  
Case 2  
  

  
  

Figure 9. Motor torque output.  
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Figure 10. Controlled supply current oututs.  

  
  

  
Figure 11. Controlled motor speed output.  

  
6. Conclusion.  
  
Each configuration was analyzed and divided into two case studies: configuration with simple traction system and in 
wheel traction system.  
  
Both configurations were simulated in Matlab/Simulink, PSIM and finally in ADVISOR in order to obtain the results 
of power losses and to be able to calculate the energy efficiency of each configuration.  
  

  

  

F ig ure 7.   Controlled supply current oututs.   
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By obtaining the power losses for both case 1 and case 2, the real energy efficiency of each configuration was obtained: 
a total of 92.3% for case 1 and a total of 95.8% for case 2.  
  
With the efficiency results of each configuration, we took our models to the ADVISOR to put them to the test in the 
UDDS driving cycle and we obtained that or case 1 the energy efficiency was 91% and for case 2 it was 93%. These 
values validate our simulated models in both Matlab/Simulink and in PSIM.  
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