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Tuning of PI regulators in distributed control system 
for an electric vehicle 

 
 

Abstract. In this paper a drive system for an urban electric vehicle is presented. The electric propulsion system consists of two in-wheel outer-rotor 
permanent magnet synchronous motors (PMSMs) fed by two three-level inverters. A proposed control system has been designed as a distributed 
one. The outer speed loop involves a master digital signal controller (DSC) whereas the inner current loops are closed using two slave 
microcontrollers. An effective analytical tuning of such a control system requires accurate identification of delays presented in all the paths, including 
the controller area network (CAN) bus used here to intercommunicate all the DSCs, the delays inherently related to a digital (sampled) nature of the 
system and the delay caused by a pulse width modulator. A step-by-step description of the analytical tuning of the controllers is provided. The tuning 
procedure respects all the identified delays and is validated experimentally in a non-mobile laboratory setup. 
  
Streszczenie. Niniejszy artykuł przedstawia układ napędowy dla miejskiego pojazdu elektrycznego. Napęd elektryczny składa się z dwóch silników 
synchronicznych o magnesach trwałych zasilanych za pomocą trójpoziomowych falowników napięcia. Zaproponowany układ sterowania został 
zaprojektowany jako system rozproszony. Na nadrzędnym mikrokontrolerze zaimplementowano układ regulacji prędkości, natomiast na dwóch 
podrzędnych mikrokontrolerach wykonywany jest algorytm regulatorów prądu. Analityczne strojenie regulatorów wymaga dokładnej identyfikacji 
opóźnień występujących w systemie sterowania, w tym opóźnienia wprowadzane przez magistralę CAN, opóźnień związanych z cyfrową realizacją 
system oraz opóźnienie spowodowane przez modulator szerokości impulsów. W artykule opisano metody doboru nastaw regulatorów PI wraz z 
uwzględnieniem zidentyfikowanych opóźnień. Weryfikacja metod została przeprowadzona na laboratoryjnym stanowisku badawczym. (Strojenie 
regulatorów PI w rozproszonym systemie sterowania napędem pojazdu elektrycznego).  
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Introduction 

In the last years, the electric vehicles (EVs) have been 
investigated as an alternative form of transportation. They 
are seen as a way to reduce pollution emissions and noise 
from automobiles in the centre of the cities. Moreover, they 
have several advantages over internal combustion engine 
vehicles. The most important one is the possibility of 
applying a full torque at low speed, which gives opportunity 
to eliminate the clutch and gearbox. Another feature is easy 
feasibility of the independent drive of each wheel.  

Figure 1 shows topology of the powertrain of the 
designed electric vehicle (ECO-Car). The vehicle drivetrain 
system consists of two in-wheel outer-rotor permanent 
magnet synchronous motors (PMSMs) mounted in the rear 
wheels [1, 2]. The PMSMs are fed by two three-level DC/AC 
inverters. The topology of inverters has been chosen to 
improve an efficiency of energy conversion and a quality of 
the output voltage waveform. The vehicle has been 
equipped with a hybrid energy storage system, containing 
LiFePO4 cells and ultracapacitor stack. The ultracapacitor 
stack support  electrochemical battery during acceleration 
and regenerative braking. The electrochemical battery and 
ultracapacitor stack are connected to the drive inverters 
through interleaved DC/DC converters [3]. 

 

 
Fig. 1. Topology of the powertrain architecture 

In the ECO-Car, due to using the direct-drive a control 
system has been designed as a distributed one. The control 
system includes three digital signal controllers (DSCs). One 
DSC operates as a master controller, the other DSCs 
operate as slaves. The current controllers of each motor 
have been implemented on the slave DSCs. The algorithm 
of the speed control is executed by master controller. The 
controller area network (CAN) bus is used here to 
intercommunicate all the DSCs [4-9]. It is the standard 
protocol in automotive applications related to on-board 
communication systems [10, 11]. The master and slave 
controllers exchange information about actual speed of 
each motor and reference currents. A schematic represent-
tation of the distributed control system is shown in Fig. 2.  

This paper deals with the design of speed and current 
controllers for PMSM drive. The PI current controller has 
been tuned based on optimal modulus criterion [12]. For 
comparative purposes, two methods the Naslin polynomial 
[13] and the Matlab’s systune function [14] have been used 
to select the PI speed controller parameters. The system 
delays are taken into account in the calculation of controller 
gains. The tuning process of PI controllers has been verified 
on a test rig.  
 

Model of the drive system  
The dynamic model of the PMSM in an orthogonal dq 

coordinate system can be described as: 
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where: ud, uq – stator voltages in d and q axes, id, iq – stator 
currents in d and q axes, Rs  – stator resistance, Ld, Lq –
stator inductances in d and q axes, φf – permanent 
magnetic flux linkage, p – the number of pole pairs, ωm – 
rotor angular speed. 
The electromagnetic torque is given by: 
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Fig. 2. Block diagram of the distributed control system 
 
For a surface mounted PMSM, we have Ld=Lq, thus 
torque equation is 

(4) qf iφpT
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In order to eliminate the coupled term in (1) and (2), new 
variables 
(5) qqd iLωpu mc  , 

(6) fmqqq φωpiLωpu  mc  

are subtracted from those equations. Considering that, 
the symmetric PMSM has been used for the drive 
system, the transfer functions for the two currents in d 
and q axes are the same 
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The mechanical equation describing behaviour of PMSM 
motor is 
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where: r – wheel radius, FR – resistance force. 
The resultant moment of inertia J is a sum of the 
moments of inertia from motor Jm, wheel Jw and the one 
associated with the vehicle Jv 
(9) vwm JJJJ  . 

The motor is supplied from voltage source inverter (VSI) 
controlled by using PWM method. VSI is approximated 
by the first order transfer function 
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 , 

where: KPWM –VSI gain, TPWM –delay caused by a pulse 
width modulator. 
The reference signal of PWM is updated once per period. 
Therefore, it has been assumed that delay TPWM is equal 
a half of the PWM period [15, 16]. 
 The delays occurred in control system are caused by 
filtering of speed Tmω, CAN bus TCAN  as well as the 
calculating algorithms of the slave DSCs Td1 and the 
master DSC Td2. Each of the delays have been 
approximated as first order transfer function [15, 16, 17].  

A discrete PI controller with anti-windup shown in 
Figure 3 has been adopted in the simulation and the 
experimental studies. 
 

 
 
Fig. 3. Anti-windup PI controller block diagram 
 
PI controller design 
Current controller 
 A plant of current control loop is described by the 
transfer function  
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where: Kmc – measurement gain of the current. 
In the plant, the dominant time constant is given by 

(12) 
s

RLc R

L
TT q  

and sum of small time constants is as follows 
(13) PWMd1Σ TTTc  . 

To design PI current controller, the plant transfer function 
(11) can be approximated by  
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where: Kc – gain of the plant.  
The gain of the plant is equal to 

(15) 
s

c R
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K mcPWM . 

 
Fig. 4. Block diagram of the current control loop 
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Parameters of PI controller are obtained by using the 
modulus optimum method for the transfer function (14). 
This method ensures that the magnitude of the closed 
loop transfer function is almost equal to 1 in the widest 
possible frequency range. The block diagram of the 
current control loop is shown in Figure 4. 
The proportional Kpc and integral Kic gain of the PI current 
controller is obtained from: 

(16) 
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(17) 
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Speed controller 

In order to determine gains of PI speed controller, the 
transfer function of closed loop current control should be 
calculated by substituting equations (12-17) and is equal 
to 
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2<<1: 
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The transfer function for the plant shown in Figure 5 is 
given by 
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where: Kmω – measurement gain of the speed. 
 

 
 
Fig. 5. Block diagram of the speed control loop 
 
The sum of small time constants is expressed by 
(21) )(22 PWMd1md2CANvΣ TTTTTT ω  . 

The gain of the plant is equal to 
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The transfer function of plant (20) can be approximated 
with the transfer function 
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The proportional gain and integral gain can be calculated 
by using the Naslin polynomial method: 
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where value of α factor affects rise time and overshoot in 
the process control.  
The speed controller designed by Naslin polynomial 
method is compared with the controller tuned by the 
Matlab’s systune function. The TuningGoal.StepRejection 
class [18] is used to specify a desired response for a 
step disturbance. The pseudocode with the systune 
function is described in Appendix. The parameters of the 
drive with PMSM and values of delays are presented in 
Table 1. 
 
Table 1. The parameters of PMSM and the values of delays 

Parameter Value 

Rs 1.1 Ω 

Lq, Ld 15.57 mH 

J 0.0201 kgm2 

p 4 

TPWM 50 μs 

Td1 100 μs 

Td2 100 μs 

TCAN 2000 μs 

Tmω 2500 μs 

 

Values of the speed and current controller parameters 
used in simulation and experiment are shown in Table 2. 
 
Table 2. The parameters of PI controllers 

 
PI current 
controller 

PI speed controller 

Kp 4.1 
α = 2 α = 3 α = 4 systune 

14.2 9.4 7.1 14.4 

Ki 293.3 511.4 151.5 63.9 507.0 

 
Simulation and experimental results 
 The drive system with the PMSM, inverter and the 
designed controllers have been tested in Matlab/Plecs 
environment. 
 The experiments have been carried out by using a 
non-mobile laboratory setup (Fig. 6). The drive was 
equipped with the VSIs and the digital signal controllers 
TMS320F3335. 

 
 

Fig. 6. Non-mobile laboratory setup: a) PMSMs set, b) power 
electronic equipment 
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 Figure 7 shows the iq current response for the step 
change in the reference current from 0 to 10 A. The 
tuned current controller provides the response without 
overshoot and the settling time of about 0.05 s. The 
relatively slow dynamics of the response is caused by 
the employed anti-windup scheme (Fig. 3). The 
experimental result shown in Figure 8 corresponds with 
the simulation result in Figure 7. 

 

Fig. 7. Simulation result for current response  

 
Fig. 8. Experimental result for current response  
 
 Figures 9 and 10 depict the speed response of the 
control system for the step change in the reference 
speed from 0 to 50 rad/s. The step of load from 0 to 
100% occurs in 0.7 s and returns to 0 in 1.4 s. In the 
simulation and experimental studies speed controller was 
examined for various values of α factor.  
 Figures 11 and 12 show the speed response of the 
control system with speed controller tuned by systune 
function. The speed is with almost zero overshoot and 
satisfying control performance. 

 

Fig. 9. Simulation results for speed response 

 
Fig. 10. Experimental results for speed response 

 
Fig. 11. Simulation result for speed response with PI controller 

tuned by systune function 
 

 
Fig. 12. Experimental result for speed response with PI 

controller tuned by systune function 
 
Conclusions 
 This paper presents design approach of the 
controllers for the distributed control system of EV. A 
mathematical model of drive system, including all delays 
occurring in the control loops, has been developed. The 
model has been used to synthesize the speed and 
current control loops of the drive. The method of modulus 
optimum was used to derive expressions for the 
parameters of PI current controller. The PI speed 
controller was tuned by Naslin polynomial method as well 
as the systune Matlab’s function. Presented results clearly 
indicate that including the communication delay is 
essential to proper tuning of speed controller. The 
simulation and experimental results validate the 
correctness of the designed controllers. 
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Appendix 
 
 M-script for the PI speed controller tuning: 
ST0 = slTuner('PI_Speed’,'PI Controller'); 
addPoint(ST0,'load'); 
addPoint(ST0,'wm'); 
Req = TuningGoal.StepRejection('load','wm,0.06,0.15,0.5); 
Options = systuneOptions('RandomStart',10); 
[ST1,fSoft,~,Info] = ST0.systune([ Req ],Options); 
 
PI_speed – the simulation model. 
PI Controller – name of PI speed controller. 
load – name of disturbance input. 
wm – speed measurement. 
Req – the requirement sets a minimum standard for rejecting 
step disturbances. 
[ST1,fSoft,~,Info] - the systune output. 
 

REFERENCES 
[1] Xiao F., Deng Q.L., Liu J.C., Design of direct-drive axial flux 

permanent magnet in-wheel machine for electric vehicle. 
IEEE Electrical International Conference on Machines and 
Systems , ICEMS, pp. 1-4, 2011 

[2] Ifedi C.J., Mecrow B.C., Widmer J.D., Atkinson G.J., 
Brockway S.T.M., Kostic-Perovic D., A high torque density, 
direct drive in-wheel motor for electric vehicles, Power 
Electronics, Machines and Drives (PEMD 2012), 6th IET 
International Conference on , pp. 1-6, 2012 

[3] Michalczuk M; Ufnalski, B; Grzesiak L. M., Fuzzy logic based 
power management strategy using topographic data for an 
electric vehicle with a battery-ultracapacitor energy storage. 
COMPEL-The international journal for computation and 
mathematics in electrical and electronic engineering, vol. 
34.1, pp. 173-188, 2015 

[4] Lewandowski D., Łukasiak P., Szyller B., Remote diagnostic 
of the electric drive working with CANbus network, Przegląd 
Elektrotechniczny (Electrical Review),  vol. 4b, pp. 140-145, 
2012 

[5] Grzesiak L. M., Ufnalski B. Gąbka G., CAN bus in speed 
feedback path for an electric vehicle – HIL simulation, 
Przegląd Elektrotechniczny, vol. 11a, pp. 1-7, 2012  

[6] Chaari L., Masmoudi N., Kamoun L., Electronic control in 
electric vehicle based on CAN network, Systems, Man and 

Cybernetics, 2002 IEEE International Conference on, vol. 7, 
2002 

[7] Feng Luo, Jie Chen, Juexiao Chen, Zechang Sun, Controller 
area network development for a Fuel Cell Vehicle, Vehicle 
Power and Propulsion Conference, 2009. VPPC '09. IEEE, 
pp. 1712-1715, 2009 

[8] Fabiański, B.,  Wicher, B., Dynamic model and analysis of 
distributed control system algorithms of three wheel vehicle, 
In Methods and Models in Automation and Robotics 
(MMAR), 2014 19th International Conference on, IEEE, 
2014, pp. 70-75 

[9] Bielak, C., Fabiański, B., Janiszewski, D., Nowopolski, K., 
Siembab, K., Wicher, B., Zawirski, K., Napęd elektryczny i 
sterowanie trójkołowego roweru bez przekładni 
mechanicznej, Przegląd Elektrotechniczny, vol. 6., pp. 17-
22, 2014 

[10] SAE International, J1939-71 - Vehicle Application Layer, 
June 2006 

[11] Wang Dafang, Nan Jinrui, Sun Fengchun, The application 
of CAN communication in distributed control system of 
electric city bus, Vehicle Power and Propulsion Conference, 
2008. VPPC '08. IEEE, 2008, p. 1-4 

[12] Kaźmierkowski M.P., Krishnan R., Blaabjerg F., Kempski A.: 
Control in Power Electronics, London, UK, 2002 

[13] Naslin P., Essentials of optimal control, 1968. 
[14] www.mathworks.com/help/robust/gs/tuning-control-

systems-with-systune.html, Tuning Control Systems with 
systune, MathWorks Documentation Center, (18.02.2015)  

[15] Blasko V., Kaura V., Niewiadomski W., Sampling of 
Discontinuous Voltage and Current Signals In Electrical 
Drive: A System Approach, IEEE Transactions on Industry 
Applications, vol. 34, no. 5, pp. 1123- 1130, 
September/October 1998 

[16] Nussbaumer T., Heldwein M.L., Gong G., Kolar J.W., 
Prediction techniques compensating delay times caused by 
digital control of a three-phase buck-type PWM rectifier 
system, Industry Applications Conference, 2005. Fourtieth 
IAS Annual Meeting. Conference Record of the 2005, vol. 2, 
pp. 923-927, 2005 

[17] Zhang Guangzhen, Zhao Feng, Wang Yongxing, Wen 
Xuhui, Cong Wei, Analysis and optimization of current 
regulator time delay in Permanent Magnet Synchronous 
Motor drive system, Electrical Machines and Systems 
(ICEMS), 2013 International Conference on, pp. 2286-2290, 
2013 

[18] http://www.mathworks.com/help/robust/ref/tuninggoal.stepre
jection-class.html#zmw57dd0e11249, (18.02.2015) 

 
 
Authors: mgr inż. Piotr Rumniak, prof. dr hab. inż. Lech M. 
Grzesiak, dr inż. Bartłomej Ufnalski, Institute of Control and 
Industrial Electronics, Faculty of Electrical Engineering, Warsaw 
University of Technology, ul. Koszykowa 75, 00-662 Warszawa, 
Poland, email: piotr.rumniak@ee.pw.edu.pl 
 

 


