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A Robust Adaptive Control for Permanent Magnet Synchronous Motor 
Subject to Parameter Uncertainties and Input Saturations 
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Abstract – To achieve high performance speed regulation, a robust adaptive speed controller is 
proposed for the permanent magnet synchronous motor (PMSM) subject to parameter uncertainties 
and input saturations in this paper. A nonlinear adaptive control is introduced to compensate the 
PMSM speed tracking errors due to uncertainties, disturbances and control input saturation constraints. 
By combining the adaptive control and the nonlinear robust control based on the interconnection and 
damping assignment (IDA) strategy, a new robust adaptive control is designed for speed regulation of 
PMSM. Stability and robustness of the closed-loop control system involved with the constrained 
control inputs rather than unconstrained control inputs are validated. Simulations for PMSM control in 
the presence of uncertainties and saturations nonlinearities show that the proposed approach is 
effective to regulate speed, and the average tracking error using the proposed approach is at least 32% 
smaller than the compared methods. 
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1. Introduction 
 
An increasing use of permanent magnet synchronous 

motor (PMSM) is found in robotics, vehicle and transmis-
sion drives in recent years due to PMSM’s high efficiency, 
high power density and wide speed range. PMSM is a 
nonlinear time-varying and strong-coupled dynamic system. 
Parameter variations and external perturbations are 
unavoidable effects in the PMSM drives [1-3]. In addition, 
the control input saturation, for example voltage saturations 
in the rapid acceleration operation of PMSM drive, is also 
a very common nonlinear phenomenon in the PMSM 
control system [4]. 

The conventional proportional-integral (PI) or PI-
derivative (PID) regulators are widely used in the industrial 
practices. But the PID controls, based on the specified model 
parameters and the time separation assumption, cannot 
provide guaranteed stability if uncertainties, load changes 
and input saturation constraints exist [5-6].  

In the recent decades, researchers have designed 
considerable advanced controls for the PMSM drives to 
overcome drawbacks of the conventional controllers and 
thus obtain better performances. A robust predictive 
controller is proposed by Türker et al. [7] to realize 
PMSM control. A nonlinear robust control using adaptive 
backstepping technique is proposed by Garin et al. [8] to 
achieve wide range speed regulation. The robust control 

with T-S fuzzy model is used to implement robust PMSM 
control [9-11]. A model reference adaptive control 
(MRAC) is proposed for the PMSM control, where the 
neural network is employed to deal with the nonlinear 
characteristics [12]. The robust control using the wavelet-
neural-network for the motor subject to the parameter 
variations, is proposed to attenuate the disturbances and 
improve control performances [13-15]. And a sliding-mode 
control which employs a wavelet-neural-network to predict 
uncertainties on-line is proposed [16]. However, designs of 
the basis wavelet functions and trainings of the networks 
require empirical skills, prior system knowledge and a 
great computational capacity. 

The works introduced above are proposed to realize 
the robust control for PMSM regarding uncertainties. 
The input saturation constraints, which would degrade 
the control performances or even induce instability, have 
not been considered. A stabilization method for locally 
Lipschitz nonlinear systems with saturation is presented 
in [17]. The PI controller is used to handle the effect of 
integrator windup when large set-point changes are made 
in the PMSM control [18-19]. Another of these works 
proposed a nonlinear predictive control (NPC) to 
compensate for the windup nonlinearities [20-21]. To 
deal with the constraints, the NPC approach reduces to a 
PI-type compensation. And this PI-type approach is used to 
restrict current overshooting, rather than handling the 
control input saturations. 

The interconnection and damping assignment (IDA) 
strategy is used in the PMSM control [6, 22, 23], but 
problems of robustness to disturbance and saturations are 
not considered. Moreover, the adaptive control in the port-
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controlled Hamilton system with dissipation (PCHD) is 
used to compensate uncertainties and disturbances and 
thus improve performances [24-26]. The nonlinear robust 
technique is proposed to deal with the stabilization 
problem using the local polyhedral representation of 
saturations [27]. 

Instead of using the heuristic local representation of the 
actuator saturations, this paper incorporates a new adaptive 
compensation with the nonlinear robust control to address 
the parameter uncertainties and input saturations and 
achieve high-performance PMSM speed control. Verifi-
cation is provided for the closed-loop stability. This paper 
is organized as follows. Section 2 describes the PMSM 
model, followed by the adaptive designs in Section 3. 
Section 4 presents the nonlinear robust control designs. 
Simulations are conducted in Section 5. And Section 6 
concludes the paper.  

 
 
2. Mathematical Modelling of PMSM Drives 

 
By considering parameter uncertainties, external dis-

turbances and control input saturation effects, the model 
for PMSM in the synchronously rotating direct-quadrature 
(d-q) reference frame can be presented as follows [20]  
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where di  and qi  are stator currents in the d- and q-axis, 

ew  is electrical angular velocity of rotor; du  and qu  are 
voltages in the d- and q-axis, dL  and qL  are inductances 
in the d-q frame, sR  is stator resistance, B  is coefficient 
of friction, and y  is the permanent magnet flux linkage, 

pn  is number of pole pairs, mJ  is moment of inertia, LT  
and [ ( ) ]e p q d q d qT n i L L i iy= + -  are the load and electro-
magnetic torque. T

f [ , , ]d q wD = D D D  is the unknown 
vector function denoting uncertainties due to changes of 
motor parameters. And, T

1 2 3[ , , ]w w w=w  is external 
disturbance vector. ( )isat u  means the effective control 
input with the nonlinear saturation function ( )sat × . The 
input nonlinearity is given as follows 
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where ,i d q= . min

iu and max
iu  are the output limits of the 

actuator. It is indicated by (2) that the control inputs are 
limited by the saturation constraints. 

To facilitate the nonlinear robust and adaptive control 
design, (1) is rewritten in the following form as 
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where T T

1 2 3[ , , ] [ , , ]m

p
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d d q q enx x x L i L i w= =x  is the state 

vector, T[ ( ), ( ), ]d q Lsat u sat u T= -u  is the system input, y 
is the system output.  
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T( ) ( ) { , , }s sdiag R R B= =R x R x  are the interconnection 

and dissipation matrices. 1 2( ) ( ) {1,1,1}diag= =g x g x  are 
the input gain matrices. T 11

2( )H -=x x D x  is the 
Hamiltonian function with m{ , , }

p

J
d q ndiag L L=D . 

 
 

3. Adaptive Compensations to Parameter 
Uncertainties and Input Saturations 

 
To compensate effects of parameter uncertainties and 

input saturation constraints of PMSM drive systems, the 
adaptive strategies are designed. 

 
3.1 Nonlinear adaptive compensations to uncertainties 

 
An adaptive compensation term, which is constructed 

using the nonlinear matched function related to the system 
states, is added to the control actions to counteract the 
errors caused by parameter uncertainties. To describe the 
parameter uncertainties of the PMSM control system, a 
commonly-used matched assumption is given below. 
 
Assumption 1 [18] 

There exist T 3( ) ( )= ÎΦ x Φ x ¡  such that  
 

 T
f 1( ) ( )D = g x Φ x θ  (4) 

 
where 3Îθ ¡  is an unknown vector. According to this 
description, the adaptive term can be designed for the 
estimation and compensation of the control errors. 

 
Remark 1 

As a matched condition, Assumption 1 is common in the 
adaptive control of uncertain systems [22, 26]. And in 
PMSM control, parameter uncertainties due to changes 
of resistances, inductances, etc., can be represented by a 
function with unknown vector. 

 
3.2 Nonlinear adaptive compensations to control 

input saturation constraints 
 
The voltages, as the control inputs in PMSM control, are 

limited by a given dc-link voltage dcu . The voltage actions 
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would become saturated when the expected voltages 
exceed the limits of saturation, as depicted in Fig. 1(a). In 
the synchronously rotating d-q frame, the control voltages, 

du  and qu , and are constrained in the circular voltage 
limit as shown in Fig. 1(b). As shown in Fig. 1(b), voltage 
constraints for the surface-mount PMSM (SPMSM) control 
are determined by the voltage limits. The circle voltage 
limitation can be expressed as the following form 

 
 2 2 2 2

maxd q s dcu u u u+ £ =  (5) 
 

where maxsu  is the maximum radius of the voltage circle. 
Because it is difficult to solve this kind of nonlinear 
constraints in the control loop, another representation the 
saturation constraint is introduced by considering the 
operation characteristics of PMSMs. Limits of voltages du  
and qu  in the steady-state operation of PMSMs can be 
presented in the following form 

 

 lim

lim ( )
d T q q

q T d d

u L i
u L i

w
w y

= -ì
í = +î

           (6) 

 
where limdu  and limqu  represent voltage limits in the d- 
and q-axis, Tw  is the turning velocity of the motor and 
can be approximated by the nominal velocity of the 
motor Nw . Using the parameters given in the machine 
design, voltage limits in d- and q-axis can be calculated 
with (6) while ensuring that the motor operates in the 

MTPA or di =0 strategy.  
 

Remark 2 
Only di =0 control for SPMSM is discussed in this paper, 

and the flux-weakening operation has not been included 
yet. 

To describe the saturation constraints, let T ( ) =ψ x η  
( )sat-u u , that is T( ) ( )sat = -u u ψ x η , where ( ) =ψ x  

T 3 3( ) ´Îψ x ¡ and η  are function matrix and unknown 
vector. Then, the saturation compensations can be 
constructed using the adaptive strategy as follows 

 
 T

1ˆ ( ) ( ) ( )dH= - Ñη Pψ x g x x&  (7) 
 

where ( )dH x  is a new closed-loop energy function, 
which would be further explained later. 

If the saturation occurs, the adaptive action would arise 
naturally to compensate the effects. 

 
 

4. Nonlinear Robust Control Design 
 

4.1 The IDA control formulation 
 
The PCHD is given in the general form as [28] 
 

 1[ ( ) ( )] ( ) ( )H= - Ñ +x J x R x x g x u&  (8) 
 
The analytical feedback control for (8) may be rewritten 

in the special form as [6, 24] 
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where ( )dH x  is the new closed-loop energy function. 

dJ  and dR  are the new interconnection and dissipation 
matrices. aJ  and aR  are interconnection and dissipation 
matrices decided by the control inputs. 

The required load torque can be estimated by observer, 
and the equilibrium states can be given as [6, 29]  

* * * * T[ , , ]m

p

J
d d q q enL i L i w=x . Then, selecting *

e e= -x x x , 
11

2( )d e eH -=x x D x  and appropriate matrices ( )aJ x  and 
( )aR x , the control actions to derive (8) into (9) can be 

obtained without the need to solve a set of partial 
differential equations [6, 28, 30]. The control actions are 
given as [6, 29] 

 
 *

1 1 1( ) ( )dH= - Ñ +u k g x x b        (10) 
 

where 3 3
1

´Îk ¡  is a positive semi-definite matrix to 
shape the new system and guarantee its stability, *b  is 
related to the command and external load and used to 
modify the equilibrium states. This control action would be 
further incorporated with the full control design. 

u
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Fig. 1. Voltage saturations in PMSM control: (a) input 
saturation; (b) control voltage constraints 
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4.2 Robust control law design 
 
The penalty signal for nonlinear robust design is given 

as [28]. 
 

 T
1( ) ( ) ( ) ( )dH t= Ñ +z r x g x x x u  (11) 

 
By combining (3) with (11), the nonlinear robust control 

formulation can be presented as (12). Here, it can be set 
that ( )r x  is full column rank matrix and ( )t x  is zero. 
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For the PMSM control system (12), the robust adaptive 

control law is designed as  
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where T 3 3

2 2
´= Îk k ¡ is positive semi-definite gain matrix 

to attenuate the external disturbances; 3 3´ÎP ¡  and 
3 3´ÎQ ¡  are positive definite symmetric adaption gains; 

T ˆΦ θ  and T ˆψ η  are used to compensate effects of 
parameter uncertainties and input saturation constraints; θ̂  
and η̂  are estimates of θ  and η . 

Incorporating T
f 1( ) ( )D = g x Φ x θ , T( ) ( )sat = -u u ψ x η  

and substituting (13) into (12), it follows 
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For the first two terms of the first equation in (13) are 

used to form the closed loop system with new energy 
function ( )dH x , system (14) can be rewritten as 
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with 1ˆ ˆ ˆ( ) ( ) ( )dH -= - -θ θ θ Q θ θ , 1ˆ ˆ ˆ( ) ( ) ( )dH -= - -η η η P η η . 

Using the above results, (15) can be rewritten as 
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It follows from system (3) and the given disturbance 

attenuation level γ  that if the following conditions are 
satisfied: (i) system (16) is zero-state detectable [28]; (ii) 
the inequality holds 
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by the control gain 1k  in ( )R x . The solution to system 
(2) can be solved by the proposed control law (13). Note 
that (17) can be satisfied in the control gain designs. 

Here, ( ) ( )dV H=X X  is chosen as the candidate 
Lyapunov function since the system’s energy function 

( )dH X  remains positive semi-definite. It is known that 
( )J X  is skew-symmetric and ( )R X  is positive semi-

definite. For (16), the Hamiltonian-Jacobi-Isaacs (HJI) 
inequality may be constructed as 
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Thus, 2L  gain from w  to z  of (16) is no more than 

γ  [28, 31]. And the time derivative of the Lyapunov 
function ( )V X  when =w 0  can be presented as 
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Hence, the system is ensured to be stable when =w 0 . 
 
 

5. Simulation Results 
 
To illustrate the performance of the proposed control, 

simulations are carried out following the scheme in Fig. 2. 
Measurements of phase currents, rotor position and motor 
speed are used as feedback signals for the controller after 
the specified transformations. Using feedback signals and 
torque estimates, the control voltages are computed with 
the law (13). Voltages in the d- and q-axis are used to 
regulate the inverter. 

In Table 1, the parameters of the 3-phase and Y-
connected PMSM in the simulations are given.  

Control parameters are: ( ) {0.2,0.2,0.2}diag=r x , 1 =k  
[10,0.07,0] , 2 {1,1,1}diag=k . It is noted that all control 
parameters satisfy the condition (17). *b  is determined by 
the command. And {1,1,1}diag=P , {100,1,1}diag=Q , 
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Remark 3 
Determinations of ( )Φ x  and ( )ψ x  depend on the 

objectives, for example to compensate errors caused by 
uncertainties or input saturations. Therefore, the speed 
error *

e ew w-  is selected as factors of ( )Φ x  and the 
control input errors ( ) ( ( ))i iu sat u-x x ( , )i d q=  are chosen 
for ( )ψ x . ( )isat u  is determined using (6). 

 
5.1 Simulations under nominal parameters 

 
To test the validity of the control, the speed tracking 

using the proposed approach is compared with that of IDA. 
The speed tracking, errors and load torque estimation 
required in the control are shown in Fig. 3 (a) and (b). 
Comparisons show that both methods are effective to 
estimate and track the references under nominal conditions.  

Fig. 4 (a) show that the current in d-axis goes to zero as 
expected, and q-axis current produces electromagnetic 
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q
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w
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Fig. 2. The scheme of the proposed control 

 
Table 1. Parameters of PMSM 

Parameter Value 
Power (kW) 30 
Voltage (V) 330 

Torque (Nm) 90 
Number of poles 8 

Stator resistance ( W ) 0.035 
d-axis inductance (mH) 0.58 
q-axis inductance (mH) 0.58 

Flux linkage (Wb) 0.13 
Moment of inertia (kgm2) 2.5´ 10-2 

 

 
(a) 

 
(b) 

Fig. 3. Comparisons of speed tracking and load estimation: 
(a) speed tracking and errors; (b) load estimation 
and error 
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torque to counteract the load. Fig. 4 (b) shows that the 
controller reacts according to the command or external load. 

 
5.2 Simulations under disturbances 

 
To test the robustness of the proposed control, variations 

of electrical parameters ( , , , )s d qR L L y  and mechanical 
parameters ( , )mJ B  are set to 10%. And a disturbance 
[sin(50 ),sin(10 ),sin(100 )]t t tp p p  is added. 

Fig. 5 presents the speed responses and tracking error 
of both the proposed approach and IDA method under 
electrical parameter uncertainties. As shown, the speed 
tracking errors using the proposed control converge to zero. 
And compared to the results of the traditional IDA control 
which doesn’t incorporate adaptive compensations, the 
steady-state error of the proposed control is reduced. The 
speed responses under mechanical parameter uncertainties 
are shown in Fig. 6. As depicted, the speed response using 
the proposed control converges to its reference and the 
steady-state error is smaller than that of the traditional IDA 

control.  
Fig. 7 gives the speed regulation and tracking errors of 

 
(a) 

 
(b) 

Fig. 4. Current responses and voltage actions: (a) d- and q-
axis currents; (b) d- and q-axis voltages 

 
Fig. 5. Speed tracking and errors under electrical parameter 

uncertainties 

 
Fig. 6. Speed tracking and errors under mechanical 

parameter uncertainties 

 
Fig. 7. Speed tracking and errors under electrical and 

mechanical parameter uncertainties 
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both methods under electrical and mechanical uncertainties. 
It is shown in that the speed response using the proposed 
approach tracks its reference despite uncertainties, and its 
error is smaller than that of the IDA control. The results 
reveal that the proposed control performs effectively to 
achieve speed regulation when motor parameters change. 

The statistics of the tracking error is given in Table 2. As 
shown, the proposed approach performs better than IDA.  

As shown in Fig. 8, as an adaptive compensation action 
in the proposed control, q̂  reacts to cancel the offset due 
to parameter variations. The estimation enables the 
proposed control to act accordingly to reduce the steady-
state error and achieve better tracking. And it is shown 
that the stability and regulation are preserved even if 
uncertainties deteriorate the performance of the control 
system. 

 
5.3 Simulations under input saturations 

 
To demonstrate the effectiveness and advantages of 

handling the uncertainties and saturation constraints, the 
proposed approach is compared with the IDA control 
without input constraints (Traditional IDA) and the PI anti-
windup control. The proportional and integral gains of the 
PI control for d-, q-axis currents and speed loop are: 1, 0.1; 
1, 0.1; 25, 40, respectively.  

Results are presented in Fig. 9. As shown in Fig. 9(a), 
the speed tracking using the proposed control converges 
to its reference and the error attenuates to zero. Fig. 9(b) 
shows that current responses follow the references. Fig. 9 
(c) shows that the control inputs of the proposed control, 
which are limited by the boundaries, are constrained by the 
given limits. The results mean that the control operates as 
predicted for the saturation compensations.  

 
(a) 

 
(b) 

 
(c) 

Fig. 9. Responses under uncertainties and saturations: (a) 
speed responses and errors; (b) current responses; 
(c) voltage u and saturated voltage sat (u). 

 
The comparison statistics is given in Table 3. The results 

show that the average error and standard deviation of the 

 
Fig. 8. Transient responses of q̂  

 
Table 2. Statistics of the speed tracking errors under 

mechanical uncertainties (1), electrical uncertainties 
(2), mechanical and electrical uncertainties (3) 

Methods Maximum error Average error Standard deviation 
Proposed (1) 88.9496 -4.3807 0.0815 

IDA (1) 106.2846 -7.4720 0.0862 
Proposed (2) 87.0842 -3.5631 0.0871 

IDA (2) 106.4080 -3.6520 0.0731 
Proposed (3) 91.8960 -4.2840 0.0810 

IDA (3) 109.1420 -10.1930 0.1176 
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proposed approach are smaller. This is mainly because the 
control can compensate the effects of uncertainties and 
saturations to achieve better steady performance. 

Transient behaviors of ĥ , when the saturations occur, 
are presented in Fig. 10. As shown, the proposed control 
works effectively to regulate the control inputs in the 
presence of uncertainties and saturations and reacts 
simultaneously to keep the voltages within the limits. This 
reveals that the designed control performs well to counteract 
the saturation effects. 

 
 

6. Conclusion 
 
A robust adaptive control has been presented for the 

speed regulation of PMSM considering parameter un-
certainties, external perturbations and input saturations. A 
nonlinear adaptive control is designed to handle the effects 
of uncertainties and saturations. And then a new robust 
adaptive strategy is put forward by combining the adaptive 
control with the nonlinear robust technique. Stability of 
system has been ensured involving the saturated control 
inputs. Simulations results confirmed the effectiveness of 
the proposed approach. The average and standard deviation 
of the tracking error are at least 32% and 70% smaller than 
the compared methods. 
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