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 The state-of-the-art robust H∞ linear parameter-varying controller is designed 

for wide speed operating range for non-linear mathematical model of 

permanent magnet synchronous machines (PMSM) in d-q reference frame for 

fully electric vehicle. This study propose polytopic approach using rotor speed 

as scheduling variable to reformulate mathematical model of PMSM into 

linear parameter varying (LPV) form. The weights were optimized for 

sensitivity and complementary sensitivity function. The simulation results 

illustrate fast tracking and enhanced performance of the proposed control 

technique over wide range of rotor speed. Moreover, as part of this work, the 

results of H∞ linear parameter varying controller is validated by comparing it 

with linear quadratic integrator and proportional integral derivative (PID) 

control techniques to show the effectiveness of the proposed control 

technique. 
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1. INTRODUCTION 

Legislative authorities around the world, with the vision of zero-emission vehicles and rapid decline of 

fossil fuels, are supporting automotive industry to make substantial investments on the deployment of electric 

vehicles (EV) viable and sustainable right from the beginning. An ambitious paradigm shift has been projected 

from pure ICE vehicles to FEV and plug-in hybrid electric vehicle (PHEV), which seems to be pragmatic from 

the 67% growth of the vehicles till 2109 [1]. Due to which car industry is going under radical evolution in 

electrified powertrain; ranging from FEV, PHEV and hybrid electric vehicle (HEV). This transformation has 

introduced diverse impacts on various vehicle dynamics especially on the electrified powertrain systems. Due to 

iterated start and stop, high reaching acceleration, and deceleration; hill climbing with variations of speed and 

cruising high reaching, [2] powertrain renders interesting speed control challenges for electric traction motors 

being the pivotal component. A validated controller always includes constant power and torque operating region 

for traction motor used in EV as depicted in Figure 1. Due to its high performance, power density, high dynamic 

response, reliability, technological maturity, and a gap for advancement in controller design, PMSM is the most 

appropriate option for traction motor among induction motor (IM), direct current (DC) and switched reluctance 

motor (SRM) machines, as illustrated in Table 1 based on the requisite characteristics [3]-[6]. 

 

https://creativecommons.org/licenses/by-sa/4.0/
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Figure 1. Speed-torque Xtics for EV 
 

 

Table 1. Xtic of traction motors 
 Power density Reli-ability Controll-ability Technological Maturity Efficiency Total 

DC 10 12 20 20 10 72 
PMSM 20 16 16 16 20 88 

IM 14 20 20 20 14 88 

SRM 14 20 12 16 14 76 

 

 

PMSM can be seen as an alternating current (AC) counterpart of brushless DC motor with the 

change lying in field excitation provided by the permanent magnets and sinusoidal back electromotive force 

(EMF). Neodymium iron boron (NdFeb) is widely employed as permanent magnets due to its magnetic 

characteristics (remenance and coercivity) and price reduction of the material. The PMSM is classified in two 

types according to the direction of magnetic flux generated by PMs: Axial and radial flux type; the difference 

lies in crossing the air gap by magnetic flux in axial and radial direction consequently. The radial flux type is 

further categorized into two classes; SMPM and interior permanent magnet (IPM) motor with the main 

difference of magnets being mounted on the rotor in SMPM widely used in machinetools drives while in 

IPM, these are buried inside the rotor [7]. SMPMs have limited capabilities for high speed operation while 

IPMs have greater mechanical strength for high speed variable operation because of which are most 

commonly seen being used in automotive industry. The PMSM has been used in electrified power train by 

Honda (Accord, Fit, and Civic), Toyota (Reva4, Camry And Prius), Fiat (Peogeot ION), Hyundai (Blueon), 

Nissan (leaf and Altera), Chevrolet (Volt), Tata (Indica), build your dream (BYD) (F3M and e6), and 

Mitsubishi (Miev) [8]. The PMSM machine is not limited to automotive industry but has widely emerged in 

aerospace and marine industries as well. 

In recent years, various modern, traditional, and intelligent control strategies have been explored to 

increase the control of PMSM. Sliding mode control (SMC) [9] creates chattering problem, which results in 

poor steady state performance when evaluated for the motor control. To increase the performance and 

robustness by reducing the chattering problem, fractional calculus (differential and integration) [10] and 

fuzzy adaptive sliding mode control [11] have been introduced but the degree of complexity also increases. 

extended kalman filter (EKF) based fuzzy logic controllers can also be a good choice but increases the 

computational cost [12], [13]. Disturbance observer has been simulated to improve motor control, but 

unfortunately contingent to accurate nonlinear dynamics of motor [14]. Although adaptive internal motor 

control [15] offers disturbance rejection capability for motor control, fails to consider control input saturation 

reducing the performance. H∞ controller with loop shaping design procedure (LSDP) has also been discussed 

[16], [17], but when the trajectory goes beyond the close vicinity, the stability is not guaranteed. 

In recent past, field oriented control (FOC), a type of venture capital (VC), is quite popularly used 

for high performance applications of motor control due to its dynamic speed response, high reliability, and 

strong robustness and provides wide speed range with high torque at zero speed [18], [19]. Similarly after 

VC, direct torque control (DTC) is making pace for panacea of torque and speed control challenges due to 

high efficiency, low losses and working in stationary coordinates [20], [21]. Still, DTC has not been proposed 

for PMSM as it suffers for low speed torque and flux estimation control, torque ripples, and high current.  

Shamma and Athans [22], [23] in early 90's first introduced LPV (gain scheduling) model for 

systematic analysis whose linear state space matrices depended on time varying parameters. Many authors 
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[24]-[31], working on speed and torque control have preferred FOC based LPV control due to the analysis of 

non-linear mathematical model of PMSM in d-q axis by formulating the motor dynamics in LPV form. Thus, 

LPV control technique can provide quantifiable performance and robustness as compared to other controllers. 

The aforementioned LPV work is commendable for speed tracking despite that most of the authors have 

missed out torque load effects on the speed control. Herein, LPV H∞ controller for catering speed tracking 

challenge takes into account the torque load with polytopic approach of LPV and the results are compared 

with PID and linear quadratic regulator (LQI) controllers. The remainder of this article is structured in six 

sections; section 2 gives an overview of mathematical model PMSM, section 3 discusses design of LPV 

implementation, section 4 demonstrates the experimental results and section 5 presents the conclusion. 

 

 

2. MATHEMATICAL MODEL PMSM 

The mathematical model of PMSM in d-q reference frame can be represented in form of voltage and 

flux linkage (1) to (7). In (7) the first term is magnetic torque while the second term represents the reluctance 

torque. The mathematical model being the most exclusive [24], [32]-[34] already been used to formulate into 

LPV form has been utilized. 
 
𝑑

𝑑𝑡
𝜓𝑠𝑑 = −𝑉𝑠𝑑 + 𝑅𝑠 + 𝑖𝑠𝑑 + 𝑝𝑤𝑚𝜓𝑠𝑞  (1) 

 
𝑑

𝑑𝑡
𝜓𝑠𝑞 = −𝑉𝑠𝑞 + 𝑅𝑠 + 𝑖𝑠𝑞 + 𝑝𝑤𝑚𝜓𝑠𝑑 (2) 

 
𝑑

𝑑𝑡
𝑖𝑠𝑑 =

1

𝐿𝑠𝑑
(𝑉𝑠𝑑 − 𝑅𝑠𝑖𝑠𝑑 + 𝐿𝑠𝑞𝜓𝑤𝑚𝑖𝑠𝑞) (3) 

 
𝑑

𝑑𝑡
𝑖𝑠𝑞 =

1

𝐿𝑠𝑞
(𝑉𝑠𝑞 − 𝑅𝑠𝑖𝑠𝑞 + 𝐿𝑠𝑑𝜓𝑤𝑚𝑖𝑠𝑑 + 𝜆𝜓𝑤𝑚) (4) 

 
𝑑

𝑑𝑡
𝑤𝑚 =

1

𝐽
(𝜏𝑒 − 𝜏𝐿 − 𝐵𝑤𝑚) (5) 

 
𝑑

𝑑𝑡
𝜃𝑚 = 𝑤𝑚 (6) 

 

𝜏𝑒 =
3

2
𝑝(𝑖𝑠𝑞𝜆 + (𝐿𝑠𝑑 − 𝐿𝑠𝑞)𝑖𝑠𝑑𝑖𝑠𝑞) (7) 

 

 

3. CONTROLLER DESIGN 

3.1.  Linear parameter varying 

LPV depends on exogenous non-stationary parameter. The first step is to transform the nonlinear 

mathematical model of PMSM into linear LPV form. The generalized representation in state-space 

representation of LPV system is shown in (8). 
 

𝑥̇ = 𝐴(𝜃)𝑥 + 𝐵(𝜃)𝑢 
𝑦 = 𝐶(𝜃)𝑥 + 𝐷(𝜃)𝑢 

(8) 

 

The goal is to design LPV controller, which adjusts the motor dynamics based on information of 

rotor speed. In this case, scheduling parameter (t) is the speed of rotor and can be stated as: 𝜃 = 𝑤𝑚  for 

polytopic LPV system. The PMSM model will no longer be nonlinear with respect to rotor speed Wm. The 

state space form of PMSM in state form can be defined in (9)-(11). 
 

𝐴 =

(

 
 

−
𝑅𝑠
𝐿𝑑

𝑝𝑤𝑚
𝐿𝑑
𝐿𝑞

−𝑝𝑤𝑚
𝐿𝑞

𝐿𝑑
−
𝑅𝑠
𝐿𝑞 )

 
 

 (9) 

 

𝐵 =

(

 
 

1

𝐿𝑑
0

0
1

𝐿𝑞)

 
 
, (10) 
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𝐶 = (
1 0
0 1

). (11) 

 

Where A is the system matrix, B is the input matrix and C is the output matrix. Input vector u and state vector 

x is defined as [Vd Vq]T and [id iq]T respectively. The augmented plant state-space data is obtained in (12): 
 

(
𝐴(𝜃(𝑡)) 𝐵(𝜃(𝑡))
𝐶(𝜃(𝑡)) 𝐷(𝜃(𝑡))

) =∑ ∝𝑖

𝑁

𝑖=1

(
𝐴𝑖 𝐵𝑖
𝐶𝑖 𝐷𝑖

) 

𝜃(𝑡) = ∑ ∝𝑖 (𝑡)𝜃𝑣𝑖
𝑁
𝑖=1 ,  ∝𝑖≥ 0, 

∑∝𝑖 (𝑡) = 1

𝑁

𝑖=1

. 

(12) 

 

The designed LPV structure contains weights Wi and Wy of sensitivity and complementary 

sensitivity respectively as shown in Figure 2. The weighting function affects to achieve desired performance. 

The functions relate to tracking and disturbance rejection performance is being as: 
 

1

𝑊𝑖
=

𝑠+𝑤𝑏𝐴
1

𝑀
𝑠+𝑤𝑏

  

 

 

 
 

Figure 2. Basic system with weights 
 

 

The M is for robust stability, a for tracking error and wb for customizing response time. Wy static 

weight to limit control action. 

 

3.2.  Proportional integral derivative 

PID or modified PID are most commonly used controller in industrial applications due to robustness 

and easy to implement properties [34], [35]. It depends on the corrected coefficient values of proportional, 

integral, and derivative control terms illustrated in (13). The proportional and integral terms usually decrease 

the rise time and steady state error while increasing the overshoot. Contrary to derivative control term 

decreasing the overshoot and settling time. Mathematically, it can be represented as; 
 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖∫ 𝑒(𝑡)𝑑𝑡
𝑡

0

+ 𝐾𝑑
𝑑𝑒(𝑡)

𝑑𝑡
, (13) 

 

where Kp, Ki, and Kd are coefficients for proportional, integral and derivative values. 

 

3.3.  Proportional integral derivative 

The LQI controller in (14) is state optimal controller derived from LQR by adding integrator for 

reduction in steady state error, thus enhancing the performance of the controller. 
 

𝐽(𝑢) = ∫ {𝑥𝑇𝑄𝑥 + 𝑢𝑇𝑅𝑢}𝑑𝑡
∞

0

 (14) 
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U=-Kx=-K[x xi] (15) 
 

Where u is the input, K is the optimal gain value, xi is the integral output and x are the states of the system. 

Its basic operation is to minimize a cost function. Where Q is a symmetric positive definite weighting matrix 

for states of the system and R is a symmetric positive definite weighting matrix for inputs of the system.  

 

 

4. RESULTS AND DISCUSSION 

The LPV H∞ controller was simulated using matrix laboratory MATLAB/SIMULINK for PMSM, 

the closed loop system using the motor parameters in Table 2 is augmented with weighting function. The 

rotor speed as scheduling variable has been used for two vertex plant. Rotor speed tracking simulations of 

PMSM using LPV has been compared with LQI and PID at 200, 300, and 800 rpm; the results clearly show 

better tracking and performance in context of settling time, rise time illustrated in Figure 3. For tracking the 

q-coordinates, current was designed to be zero as shown in Figure 4. 
 

 

Table 2. Motor parameters 
Stator Resistance Rs 0.8Ω 

q-axis Inductance Lq 0.003H 

d-axis Inductance Ld 0.003H 

Flux Linkage lambda 85.45e-3 Wb 
Poles P 4 

Moment of Inertia Jm 235e-3 Kg.m2 

Viscous Damping B 0 

 

 

It can be seen that the linear controllers are only efficient for designed phase margins, most of the 

tuning of PID controllers are done manually so they are poorly tuned in practice. That is why it is generally 

not considered as a correct technique as it fails in providing a quantifiable measure for the robustness of the 

controller. On the other hand, LPV works for all phase margins. After applying 1 Nm load, the behavior of 

rotor speed can be seen in Figure 5. LPV control compensates the load torque most effectively. 
 

 

 
 

Figure 3. Comparison of tracking of rotor speed using LPV, LQI, and PID 
 

 

 
 

Figure 4. Motor currents Id and Iq 
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Figure 5. Comparison of tracking of rotor speed using LPV, LQI, and PID after apply load torque at LPV 

 

 

5. CONCLUSION 

In this work, linear parameter varying based control technique has been designed for nonlinear 

PMSM to improve its performance for the application in fully electric vehicle. The rotor speed was used as a 

scheduling variable in the design process of LPV controller. The weights were optimized to achieve fast 

tracking and high performance. The simulation result of LPV when compared with PID and LQI for the 

control of PMSM proves to be better perfromed for systems required in FEV. 
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