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Abstract – In this paper, an improved predictive functional control (PFC) scheme for permanent 
magnet synchronous motor (PMSM) control system is proposed, on account of the standard PFC 
method cannot provides a satisfying disturbance rejection performance in the case of strong 
disturbances. The PFC-based method is first introduced in the control design of speed loop, since 
the good tracking and robustness properties of the PFC heavily depend on the accuracy of the internal 
model of the plant. However, in orthodox design of prediction model based control method, 
disturbances are not considered in the prediction model as well as the control design. A minimum-
order observer (MOO) is introduced to estimate the disturbances, which structure is simple and can be 
realized at a low computational load. This paper adopted the MOO to observe the load torque, and 
the observations are then fed back into PFC model to rebuild it when considering the influence of 
perturbation. Therefore, an improved PFC strategy with torque compensation, called the PFC+MOO 
method, is presented. The validity of the proposed method was tested via simulation and experiments. 
Excellent results were obtained with respect to the speed trajectory tracking, stability, and disturbance 
rejection. 
 
Keywords: Torque compensation, Disturbance observer, Minimum-order observer (MOO), Predictive 
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1. Introduction 
 
In recent decades, the permanent magnet synchronous 

motor (PMSM) has been generally replacing DC motors 
and induction motors in a largely of industrial applications, 
such as numerically controlled machine tools, electric 
vehicles and robotics. It is able to offer numerous advantages 
over the two previously mentioned motors, including a 
simple structure, high efficiency, high power density and 
high torque-to-current ratio. Despite its advantages, it is 
still challenging to control a PMSM to achieve good 
transient performance under all operating conditions. This 
is due to the fact that the PMSM is multivariable, nonlinear 
and strong coupled systems that are extremely sensitive to 
disturbances. 

As a classical linear control scheme, the traditional 
proportional integral (PI) control is usually used to adjust 
the static and dynamic performance of a system. However, 
the control system of a PMSM makes it difficult to achieve 
a good control effect with the PI control scheme due to 
the presence of nonlinearity and uncertainty [1-3]. Scholars 
have put forward many advanced control methods to 
optimize the PMSM control system in recent years, e.g., 
adaptive control [4], fuzzy control [5], sliding mode 

control [6], feedback linearization [7], genetic algorithm 
control [8], neural network control [9], disturbance 
observer based (DOB) [10-12], and so on. These approaches 
have been successfully applied to PMSM control systems, 
and can improve the control performance of a motor from 
different aspects.  

Predictive control is a new type computer control 
algorithm that produced industrial process control field in 
the 1970s. It has an excellent control effect and is suitable 
for industrial production processes which are relatively 
complex and where it is difficult to establish accurate an 
digital model, because it uses a multi-step test, receding 
optimization, and feedback correction strategy [13, 14]. 
Model predictive control (MPC) is the most widely used 
method of predictive control. The core of the MPC is to 
replace a “closed loop optimal control” with an “open loop 
optimal control” in a time-varying region. As a practical 
alternative approach, MPC has received a great deal of 
attention. There are many acclaiming research reports on 
the application of the MPC method to PMSM control 
systems. The controllers developed in [7, 15, 16], give 
good performance. However, the MPC control requires too 
much calculation, which makes this method difficult to 
apply to fast dynamic systems [17, 18]. 

To alleviate computational effort and reduce numerical 
problems, particularly in large prediction horizon, a 
simplified MPC method, i.e., the predictive functional 
control (PFC) method is employed as the adopted control 
scheme in this study. This method was presented by 
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Richalet and Kuntze in 1986 [19, 20]. PFC which enhances 
the advantages of this method, such as feed-forwarding, 
constraints handling, no-lag error on the dynamic set 
points, is an easy trade-off between robustness and 
dynamic specifications. It not only retains the advantages 
of on-line optimization and constraint processing of the 
MPC, but also has a lower online computational burden, 
which can achieve a simpler and more intuitive design 
criteria combined with a higher control precision [21]. 

In practical industrial applications, disturbances always 
exists, it is noted that the standard PFC method does not 
achieve a satisfactory effect in the presence of strong 
disturbances. Because PFC assumes that all un-modeled 
signals remain the same with prediction current errors, 
which makes it hard to counteract steady-state errors when 
meeting interference or inaccurate model, especially in the 
presence of strong interference conditions, which may 
cause deterioration of the performance of the closed-loop 
control, it is difficult for the prediction model to precisely 
predict future outputs [22]. As a result, the future control 
action obtained by optimizing a certain performance index 
cannot react well to resist disturbances. In [23], the scholars 
introduce an extended state observer (ESO) to estimate the 
lumped disturbances and add a feedforward compensation 
q-axis current item based on the estimated disturbances. 
This strategy can reduce prediction errors and improve the 
performance of drive control system. In [24], the authors 
designed a fuzzy sliding mode speed controller with a load 
torque observer, which can effectively mitigate chattering 
and guarantee robust speed control of a PMSM under model 
parameter and load torque variations. References [25, 26] 
utilize full-order observers to against stator resistance and 
inductance variations for the sensorless motor drive. The 
above researches focused on external disturbance influence 
on the system, but they both have a complex structure and 
high computational load.  

To overcome the above-mentioned drawbacks and 
improve the disturbance rejection performance of the PFC 
scheme, this paper proposed an improved PFC method, 
called the PFC+ minimum-order observer (MOO) method, 
is proposed in this paper. Here, we introduce a simple state 
observer, which is the minimum-order of Luenberger-style 
observer to estimate the motor load torque disturbance. 
In 1964, Luenberger proposed state observer design 
theoretical for linear systems, has received extensive 
discussion [27-29]. Reference [30] has proposed a special 
angle and speed state observer to modify the model 
predictive direct current control strategy in order to 
obtain high dynamics. A model-based robust controller is 
used in [31] to estimate the load torque, and analyzed the 
convergence of the observer estimation error, the simula-
tion and experimental results are presented to verify that 
the proposed methodology achieves a better robust 
performance. In [32]，A reduced-order rotor flux is used 
to estimate the position of the rotor flux and hence the rotor 
speed, excellent results verified the performances of the 

observer. Meanwhile, the minimum-order observer (MOO) 
has been well studied and applied successively in [33, 34]. 
The MOO has some attractive features, e.g., 1), its order is 
the minimum second. 2), observer gain is a simple constant 
and pole allocation can be easily designed. 3), it utilizes 
motor parameters in a very simple manner. 4), its structure 
is very simple, and it can be realized at a very-low 
computational load. Based on this, a practical MOO is 
constructed to obtain information on the load torque. Then 
the PFC controller is compensated with observed values, 
and the PFC model is reconstructed, MOO is utilized to 
reduce the prediction error in PFC algorithm and cope with 
disturbances. Finally, the improved PFC method proposed 
in this paper was verified by the simulation and experiment, 
the results verify its effectiveness. 

This paper is organized as follows. In section 2, the 
PMSM model is presented. Section 3 presents the design 
details of a speed controller using the PFC method. The 
studied PFC with MOO strategy is developed in Section 4 
for the speed loop. Section 5 gives the simulation and the 
experimental results of the predictive control scheme for 
the PMSM control system. Section 6 concludes the paper. 

 
 

2. Mathematical Model of the PMSM 
 
The mathematical model of a surface mounted PMSM in 

the rotor reference frame can be expressed in the bilinear 
form as 
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  (1) 
 

where, du and qu  are respectively the d-axis and q-axis 
components of the armature voltage, di  and qi  are 
respectively the d-axis and q-axis components of the 
armature current, sR  is the stator resistance, aL  is the 
stator inductance, dL  and qL are the inductances of the 
d-q axes satisfying d q aL L L= = , pn is the number of 
pole pairs, fy  is the rotor of the permanent magnet flux 
linkage, w  is the rotor mechanical velocity, LT  is the 
motor load torque, J is the moment of inertia, and B is the 
coefficient of the friction. 

The field oriented control (FOC) strategy is employed 
for PMSM. Under this scheme, the automatic speed 
regulator (ASR) and automatic current regulator (ACR) are 
cascaded, and the d-axis reference current is usually set to 
be zero. Then the electromagnetic torque is given as 

 
 1.5e p f q t qT n i K iy= =  (2) 

 
where, eT  is the electromagnetic torque. 

The mechanical equation of a dynamic model for a 
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motor is 
 

 
( ) ( )

( ) t q LK i s T s
s

Js B
w

* -
=

+
 (3) 

 
Remark 1: In the following, the symbol “s” is used as a 

differential operator d/dt or as a Laplace operator with no 
comment as long as no confusion occurs. 

The implementation of the predictive functional control 
strategy depends on an appropriate model. The dynamic 
model of motor is a nonlinear and strong coupling system, 
because the current band width is far greater than the speed 
loop bandwidth. The setting time of the q-axis current (iq) 
is far less than the setting time of speed, as shown in Fig. 
9-11.Then the current loop can be assumed to be ignored 
and transfer function is reduced to Gi(s)≈1. The simplified 
block diagram of a PMSM is shown in Fig. 1.  

 
 

3. PFC Controller Design for the PMSM 
 
In practical applications, PFC restructures the control 

inputs by considering each moment of the control inputs as 
a linear combination of several pre-selected basic functions, 
and then obtaining a linear weighting coefficient through 
the online optimization, and finally getting the control 
input of the future [23]. In this paper, the PFC design 
process is as follows. 

 
3.1. Base functions 

 
The controlled variable can be expressed as a linear 

combination of several known base functions in the PFC 
control strategy. It is related to the plant characteristic and 
the tracking set value, 

 

 
1

( ) ( )
N

j j
j

u k i f im
=

+ = å   (4) 

 
where, ( )u k i+  is the system output at time ( )k i+ . The 
choice of base functions depends on the characteristics of 
the controlled plant and the set values, such as a step, ramp 
and exponential function. The desirable output control 
variable of the PFC is the reference current qi

* . Therefore: 
 

 
1

( ) ( )
N

q j j
j

i k i f im*

=
+ = å   (5) 

where, ( )jf i  is the value of the base functions at time 
st iT= , sT is the sampling period, i=1,2,⋯h, h is the 

predictive optimal length, and jm is the linear combination 
coefficient. Because the choice of basic functions does not 
directly affect the stability or the dynamic state of a closed-
loop system, this system chooses a step function as the 
base functions, Set 1N = , 1( ) 1f i = . Therefore: 

 
 1( )qi k m* =  (6) 

 
3.2. Prediction model 

 
A Prediction model is used to predict the output of a 

process in a future period of time according to historical 
information and the current input of objects studied. 
Generally, disturbances are not considered in the prediction 
model as well as the control design, Eq. (3) can be written 
in the form of difference equation after zero-order holder 
discrete sampling: 

 
 ( 1) ( ) ( )m m m m qk k K i kw a w *+ = +   (7) 

 
where, T B J

m sea -= , and (1 ) /m m tK K Ba= - are both 
the coefficients of a prediction model equation. ( 1)m kw +  
is the speed prediction value at time (k+1).  

However, the influence of disturbances is not considered 
in the prediction model which degrades the prediction 
precision in the presence of strong disturbances, to improve 
the disturbance rejection ability of system, an improved 
PFC method by embedding the estimated value of load 
torque disturbance information into the prediction model, 
where disturbance information is obtained by a minimum-
order observer (MOO) (The studied of MOO strategy is 
developed in Section 4). Considering the load torque 
disturbance information L̂T , it follows from (3) and (7) 
that is given as 

 
 ˆ( 1) ( ) ( ) ( ) /m m m m q m L tk k K i k K T k Kw a w *+ = + +  (8) 

 
In the next sampling time (k+2), 
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According to the mean-level control method, assuming 

that the values of the control variables are a constant in the 
future, ( ) ( 1) ( 1)q q qi k i k i k h* * *= + = ××× = + - . Substituting (8) 
into (9) yields: 
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Followed by the superposition, the output of the 

w* qi
*

qi wLT
eT

( )iG s tK

Fig. 1. Block diagram of the simplified PMSM control 
system. 
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prediction model can be obtained as: 
 

 
1

1
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Eq. (11) can be written in a matrix form as: 
 

 1
ˆ( ) ( ) ( )[ ( ) ( ) / ]m o b L tW k W k W k k T k Km= + +  (12) 

 
where 

 
 ( 1)( ) [ ( 1) ( )]Tm h m mW k k k hw w´ = + ××× +  

( 1)( ) [ ] ( )h T
o h m m mW k ka a w´ = ×××   

1
( 1)( ) [ (1 )]h T

b h m m mW k K K a -
´ = ××× + ×× × +  

 
3.3. Error correction 

 
Considering model adaptation, parameter detuning and 

interference, the actual output and the predicted output 
usually contain certain errors. System error during the 
prediction time domain can be considered to be the same as 
the error at this time.  

 
 ( ) ( 1) ( ) ( ) ( )me k i e k e k k kw w+ = ××× = + = = -  (13) 

 
where, ( )kw  is the practical system output measured at 
time k. 

 
3.4. Reference trajectory 

 
For a stable system, a first-order exponential form is 

usually used. Accordingly the reference trajectory equation 
is as follows: 

 
 ( ) ( ) [ ( ) ( )]i

r rk i k i k kw w a w w* *+ = + - -  (14) 
 

where, w*  is the given speed, rw  is the reference 
trajectory of the speed which is the expected following 
value of the actual system after the softening treatment 
according to the expected trajectory. The softness factor 

( / )T Ti
r s rea -= , rT  is the expected system response time. 

 
3.5. Receding optimization 

 
Receding optimization is through the optimization of a 

performance index to determine a control action of the 
future. Performance indicators are generally taken as the 
minimum variance between the object output at a certain 
time in the future and the desired trajectory at this moment. 
The quadratic performance index set of the cost function 
for the PMSM speed control is expressed as: 

 
2 2 2

1
min [ ( ) ( ) ( )] ( )

h
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i
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The equation can be written in another form of norm: 
 

 2 *2|| ( ) ( ) ( ) || ( )r m q r qW k W k E k Q R i kÁ = - - +  (16) 
 

where 
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( )( )q h hQ k ´ is the weighted coefficient of controlled 
variables, and 2

(1 1) [ ]rR r´ =  is weighted coefficient of the 
input. Since the mechanical model of the motor is linear 
characteristic, it can determine the minimum value of the 
cost function Á  and the real-time update coefficient matrix 
at each sampling time. Let / 0qi

*¶Á ¶ = , and the controlled 
variable of qi

*  can be obtained.  
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The block diagram of the simplified PMSM control 

system is shown in Fig. 2. According to the predictive 
function control algorithm, when combined with the 
vector control strategy of the PMSM control system, the 
AC control system with the PFC-PI cascade control is 
designed, using the PFC controller to replace the traditional 
automatic speed regulator.  

 
 

4. PFC Design Using a Minimum-Order  
Observer 

 
For the foregoing reasons, the influence of disturbances 

is not considered in the prediction model, and PFC controller 
lacks an external disturbance compensation term in the 
process of modeling, resulting in a degradation of the 
control performance in the dynamic processes of addition 
and subtraction of loads [22]. In order to work out this 
problem, we introduce state observer to estimate the 
disturbances. Here, a minimum-order observer is only 
designed to observe torque disturbance, then feedback 
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Fig. 2. Block diagram of the simplified PMSM control 

system using PFC method. 
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the observations to PFC controller. This can reconstruct 
the predictive model, and implement improvement over the 
original PFC controller, which improves the robustness 
against disturbance.  

Refer to (1), the mechanical equation of PMSM, 
disturbance torque is extended to a state variable, load 
torque cannot be derived from the formula, but the 
changing rate of the load torque controller is much lower 
than sampling frequency, so it can be hypothesized that 

0LdT dt = . There is a linear relationship between the 
rotor position and rotor velocity, sw q= . This paper 
selects the state variable, [ ]TLx Tw= , the output variable 
y w= , and the Eq. (1) can be written in another form as: 

 

 
1 1
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,
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0
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, [ ]1 0D = , 

eu T= , it follows from (18) that the linear state equation 
and output equation of the control system can then be 
obtained as: 

 

 
x Ax Cu
y Dx

= +ì
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Fig. 3 is a block diagram of a state observer, which is 

fully based on the state equation of (19), the state observer 
expression can be derived as [33]: 
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where, x̂ is the estimated state value, ˆˆˆ
T

Lx Twé ù= ë û , l is 

the feedback gain matrix, [ ]1 2
Tl l l= . So, the Eq. (20) 

can be written in the form as 
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From (18)-(21), the equations for the state error 

ˆ ˆe x x= - , is given by (22), 
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On the basis of (22), the characteristic equation as 

follows 
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The dynamic characteristics of state error ê  entirely 

depends on the eigenvalues of A−lD, so, to select suitable 
eigenvalues of the observer can makes error ê  converges 
to zero as soon as possible, which simplifies the 
characteristic polynomial to 

 
 2 ( ) 0s sa b ab- + + =  (24) 

 
Coefficients a and b are desired poles of design 

parameters, if the friction coefficient B is ignored, from 
(23)and (24), the feedback gain can obtained as 
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J
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Performance conditions: All of desired poles have 

negative real part is a convergence condition of state 
observer error equation ê , i.e., all the poles must be 
located in negative half part of s-plane. Meanwhile, pole 
position the farther from imaginary axis, the greater value 
of the feedback gain matrix l, and the faster dynamic 
response of the observed variables also.  

According to the Laplace transform, Eq. (21) can be 
rewritten as (26) and (27). 
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By substituting (26) into (27), the estimated load torque 

disturbance information of the minimum-order observer is 
expressed as: 
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Fig. 3. Block diagram of the state observer. 



Shuang Wang, Junyong Fu, Ying Yang and Jian Shi 

 http://www.jeet.or.kr │ 277

Eq. (28) can be written in the form of difference 
equation after zero-order holder discrete sampling: 

 

1 2 3 2 3

2 3 2 3 3 1

ˆ ˆ ˆ( ) [( ) ( 1) ( 2) ( )
            ( 1) ( ) ( )] /

L L L eT k K K K T k K T k K T k
K K k K K K B k Kw w

= + - - - - -

- - + +
 

  (29) 
 

where, K1=Jλ1+J/Ts+B-λ2Ts, K2=J/Ts, K3=λ2Ts are both the 
coefficients of equation. 

Refer to (29), when substituting the discretized ˆ ( )LT k  
into (8) of the prediction model, an improved PFC strategy 
with torque compensation is implemented. The constructed 
minimum-order load torque observer is shown in Fig. 4. 

Obviously, that the load torque observer has the 
following attractive features.  

1) Its order is the minimum second.  
2) Minimum order observer gain is a simple constant 

and pole allocation can be easily designed.  
3) It utilizes motor parameters in a very simple manner.  

4) Its structure is very simple, and it can be realized at a 
very-low computational load. 

 
The overall structure of the proposed system consisting 

of a minimum-order observer and a PFC regulator, the 
block diagram of the PMSM control system with PFC and 
minimum order observer is shown in Fig. 6. Block diagram 
of the simplified PMSM control system using PFC method 
with minimum-order observer, as shown in Fig. 5. 

 
 

5. Simulation and Experimental Results 
 
In the processes of simulation and experiment, the 

parameters of the motor are listed in Table 1. Computer 
simulations have been carried out utilize Matlab/Simulink 
software package to verify performance and effectiveness of 
the proposed method. The performance of the methodology 
designs were compared using a simulation model built 
using the aforementioned motor model, inverse Park and 
Clarke transformations, and the discrete time control 
structure presented in this paper.  

The experiment platform of driving control system has 
been built to evaluate the performance of the proposed 
improved PFC method. It takes Infineon’s XMC4500 chip 
based on the ARM® Cortex as the core, with a CPU 
frequency of 120 MHz. The control algorithms use SVPWM. 
As shown in Fig. 6, it mainly includes two parts, the 
measured control system and the load system. The control 
system is driven by a three-phase pulse width modulation 
(PWM) inverter with an intelligent power module with a 
switching frequency of 10 kHz. The phase currents are 
measured by Hall-effect devices. The rotor position 
detection component uses an incremental photoelectric 
encoder of 2500 lines. The load motor and its controller 
choose Servo One industrial servo products of LUST, 
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Fig. 4. Block diagram of the minimum-order observer. 
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Fig. 5. Block diagram of the simplified PMSM control 

system using improved PFC with minimum-order 
observer. 

 

 
Fig. 6. Experimental setup. 

Table 1.  Parameters of the PMSM 
Parameter Value Unit 

Rated power 400 W 
Rated current 1.9 A 
Rated speed 2000 rpm 
Rated torque 1.21 N·m 

Stator resistance 5.8 Ω 
D-axis and Q-axis inductances 0.0379 H 

Rotor flux linkage 0.3675 Wb 
Number of pole pairs 4 / 

Moment of inertia 0.032×10-3 kg·m2 
Coefficient of friction 0.128×10-3 N·m·s /rad) 

 
Table 2. Comparison of performance indices (Simulation) 

Control Scheme Reference 
Speed Indices 

PI PFC PFC+MOO 
OS(%) 4.6 2.8 0 500(rpm) 
ts(ms) 130 117 95 

OS(%) 2.5 1.3 0 2000(rpm) 
ts(ms) 270 244 239 
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where the rated power of the motor is 3kW. The rotor 
position sensor uses a 24-bit multi ring absolute encoder 
from HEIDENHAIN.  

The simulation and experimental analysis for the PI 
controller, PFC controller, and PFC controller+minimum- 
order observer (MOO) are illustrated in Figs. 7-16, Table 
2, and Table 3 for four different scenarios: trajectory 
tracking performance evaluation under different speed, 
torque observe performance evaluation of the MOO, 
robustness of the proposed method against the inaccurate 
electrical parameters, and performance testing during an 
abrupt change of the load torque. They are A, B, C, and D, 

respectively, in the followings. 
 

5.1 Trajectory tracking performance evaluation under 
different speed 

 
To evaluation the performance of presented three control 

algorithms, the speed trajectory tracking performance is 
investigated under three control methods. Figs. 7-10 shows 
the speed response waveforms under several given values 
respectively, then the no-load speed response was detected 
respectively in PI controller, PFC controller and PFC 
controller+MOO. Meanwhile, for a fair comparison, let the 
control inputs of three algorithms have the same condition 
limits and let both closed-loop systems achieve relatively 
good performances by regulating the parameters. 

 
5.1.1 Simulation conditions 

 
The parameters for the PI speed controller are: Kp =0.016, 

Ki =0.02, for the PI regulators of both current loops they 
are: 39pK = , 2400iK = , for the PFC controller they 
are: 0.9548ma = , 0.0183ra = , Km =1550, PFC control 

 
Table 3. Comparison of performance indices (Experimental) 

Control Scheme Reference 
Speed Indices 

PI PFC PFC+MOO 
OS(%) 6 4.08 1.2 500(rpm) 
ts(ms) 133 122 98 

OS(%) 2.45 1.5 0.35 2000(rpm) 
ts(ms) 283 235 230 

 
Fig. 7. Simulation response curves in case of 500 rpm 

speed trajectory tracking for PI, PFC, and PFC + 
minimum-order observer(MOO). 

 

110-´

 
Fig. 8. Simulation response curves in case of 2000 rpm 

speed trajectory tracking for PI, PFC, and PFC + 
MOO. 

 
Fig. 9. The q-axis current (iq) instantaneously increases 

from 0 to 1A (Experimental). 

 
(a) 

 
(b) 

 

 
(c) 

Fig. 10. Experimental response curves in case of 500 rpm 
speed trajectory tracking: (a) PI; (b) PFC; (c) PFC 
+ MOO. 
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sampling period Ts=0.2ms 0.2sT = ms, and for the reference 
trajectory expected closed-loop time 0.05rT = ms. 

Fig. 7 and Fig. 8 compared the speed tracking perfor-
mance of the three algorithms. The starting speed is given 
as 500rpm and 2000rpm, respectively. Apparently, when 
applying the PFC+MOO strategy to simulation under the 
same conditions, speed of dynamic response process are 
smooth and steady, there are nearly no overshoot, and the 
raising speed regulate time obvious shorten. The simulation 
performance indexes of three control methods under 
different speed are shown in Table 2.  

 
5.1.2 Experimental conditions 

 
The parameters for the PI speed controller are: 

18.5pK = , 1.5iK = , for the PI regulators of both current 
loops they are: Kp =12, 1500iK = , for the PFC controller 
they are: 0.9548ma = , 0.0183ra = , Km =1550, PFC 
control sampling period 0.3sT = ms, and for the reference 
trajectory expected closed-loop time 0.05rT = ms. 

Fig. 9 shows the experimental results for the PI current 
control method when the desired q-axis current (iq) 

instantaneously increases from 0 to 1 A. The iq rise time 
is three control periods (300us). Fig. 10 and Fig. 11 
compared the speed tracking performance of the three 
algorithms. Compared with other two controllers, the 
experimental results show that the improved PFC control 
system has better performance in both dynamic and steady 
state, it shows smallest overshoot, shortest settling time. 
The experimental performance indexes of three control 
methods under different speed are shown in Table 3. 

 
5.2 Torque observe performance evaluation of the 

MOO 
 
To ensure the MOO has a good dynamic response and 

observation precision, it is necessary to determine the values 
of feedback gain matrix l, after a repeated simulation 
comparison, the desired poles of design parameters are  

a =−100, b =−100. Refer to (25), 1

2

( )
J

l a bl abl
é ù - +é ù= =ê ú ê úë ûë û

 

200
10000J

é ù= ê úë û
. 

 
(a) 

 
(b) 

 
(c) 

Fig. 11. Experimental response curves in case of 2000 rpm 
speed trajectory tracking. a PI. b PFC. c PFC + 
MOO. 
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   (a) 
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   (b) 
LT

 
   (c) 

Fig. 12. Response curves of the minimum-order load torque
observer: (a) Observer (Simulation); (b) Observer
(Experimental); (c) Actual (Experimental). 
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A simulation and experimental comparison results are 
shown in Fig. 12. The load torque was abrupt change at a 
constant speed of 300rpm, given the torque change range 
from 0 N·m → 0.5 N·m → 0 N·m under different time. 
Fig. 12(a) is a simulation load torque observe curves of L̂T , 
Fig. 12(b) is an experimental results of L̂T , and Fig. 12(c) 
is the actual load torque value LT  that utilize oscilloscope. 
From the view, can find that, the observation results can 
converged to reference value rapidly and have small 
overshoot when abrupt change of the load torque. 

 
5.3 Uncertainty in the electrical parameters 

 
To verify the robustness of a PMSM control system 

using the proposed PFC + MOO control scheme, the 
armature resistance, stator inductance and rotor-flux linkage, 
were set incorrectly in the controller. In comparison with 
the real values, the value of these three electrical parameters 
were respectively increased by 30%, decreased by 30% 
and decreased by 20%. Fig. 13 shows response curves in 

case of 300 rpm speed trajectory tracking under matched 
and mismatched in the electrical parameters.  

In comparison with the matched and mismatched 
mechanical parameters simulation response curves of Fig. 
13(a), and experimental response curves of Fig. 13(b), Fig. 
13(c). When PMSM electrical parameters mismatched, 
the speed setting time is more than parameters matched. 
However, the whole control system still be able to remain 
steady-state, it has good dynamic response process, the 
motor speed can be seen to converge to 300rpm under 
the presented control scheme. Therefore, the PMSM 
control systems can performance a stronger robustness of 
the proposed method against the inaccurate electrical 
parameters. 

 
5.4 Trajectory tracking performance evaluation under 

abrupt change of the load torque 
 
This test was performed to verify the performance of 

the proposed control strategy in terms of its disturbance 
rejection capability. The speed and current response 
waveforms comparison results are shown in Figs. 14-17 
when adding an abrupt pulse shape 0.5N·m load. 

From the simulation Fig. 14 and Fig. 15, can be clearly 
seen that, after the load torque compensation, the 
PFC+MOO scheme has less speed change than PFC 
scheme, it has been demonstrate that MOO can improve 
the disturbance rejection ability of PFC. Comparing the 
experimental Fig. 16(a) and Fig. 16(b), it can find that after 
adding observation torque feedback into PFC controller, 
speed decline is suppressed during the process of load 

 
   (a) 

 
   (b) 

 
   (c) 

Fig. 13. Response curves in case of 300 rpm speed 
trajectory tracking under uncertainty in the electrical
parameters: (a) (Simulation); (b) Matched (Experi-
mental); (c) Mismatched (Experimental). 
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Fig. 14 Simulation response curves in case of 500 rpm 
speed trajectory tracking under a sudden load 
torque disturbance. a Speed (PFC and PFC + 
MOO ). b iq (PFC and PFC + MOO). 
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changes, from 28rpm to 11rpm, speed rise from 29 rpm to 
10rpm. Similarly, as shown in Fig. 17(a) and Fig. 17(b), 
speed decline and speed rise respectively from, 41rpm to 
20rpm, and 40rpm to 19rpm. Fig. 14(b) and Fig. 15(b) 
shows waveforms of the q-axis current iq. According to 
Lyapunov stability, the designed system is stable. 

Therefore, compared with the PFC method, the proposed 
PFC+MOO method has a less speed decrease and a 
shorter recovery time while maintaining a good dynamic 
performance, the steady-state error is quickly removed. 

Remark 2: OS is the overshoot, st is the setting time, the 
tolerance band of st  is selected as ±2%. 

 
 

6. Conclusions 
 
In this paper, we have presented a modified PFC strategy 

that using minimum-order observer to enhance prediction 
model precision. The role of the minimum-order observer 
is to estimated value of load torque disturbances, 
embedding disturbance information into the prediction 
model, thereby reconstruct the PFC regulator. Owing to 
this arrangement, the predicted output error in the PFC 
algorithm is reduced, and the tracking performance is 
improved. Moreover, the structure of minimum-order 
observer is very simple and can be realized at a very low 
computational load. The simulation and experimental results 
show that the proposed control method can effectively 
strengthen the system dynamic control performance and 
disturbance rejection. 
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Fig. 15. Simulation response curves in case of 2000 rpm 
speed trajectory tracking under a sudden load 
torque disturbance: (a) Speed (PFC and PFC + 
MOO ); (b) iq (PFC and PFC + MOO). 
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Fig. 16. Experimental response curves in case of 500 rpm 
speed trajectory tracking under a sudden load 
torque disturbance. (a) Speed (PFC). (b) Speed 
(PFC + MOO). 
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Fig. 17 Experimental response curves in case of 2000 rpm 
speed trajectory tracking under a sudden load 
torque disturbance: (a) Speed (PFC); (b) Speed 
(PFC + MOO). 
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