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Abstract—This paper designs simulation model of PI 
anti-windup speed controller based on a simple set-point 
weighting for the interior permanent-magnet synchronous 
motor (IPMSM). Firstly, a mathematical model of IPMSM 
drive system utilized in the simulation is introduced. Also, 
the maximum torque per ampere (MTPA) control suitable 
for IPMSM was employed. This controller is simple for 
implementation in practice and it has advantages over a 
conventional PI controller. The proposed anti-windup PI 
controller demonstrates better dynamic step changes 
response in speed in terms of overshoots, improved settling 
time, and improved robustness to parameter variations in 
comparison with conventional PI. The performance of 
proposed PI anti-windup controller with set-point weighting 
was compared with the conventional PI 

Keywords—IPMSM, PI, speed control, anti-windup, 
feedforward, tracking, back calculation, set-point weighting 

I. INTRODUCTION 
 In recent time, permanent magnet synchronous motor 
(PMSM) is getting more popular in terms of its pros in 
efficient power to rate ratio, robustness, low noise, power 
and efficiency in comparison to AC motors [3]-[4], [9]-
[11]. Basically, there are two types of PMSM: surface-
mounted PMSM (SPMSM) and interior PMSM (IPMSM). 
However, of two, IPMSM is more advantageous than 
SPMSM. In particular, the IPMSM in comparison to 
SPMSM is suitable for higher speeds, which is achieved 
by the flux-weakening technique that IPMSM can stand 
by a strong structure of rotor as well as an air gap, which 
is small enough for efficiency [11]. Moreover, the 
IPMSM is able to produce more torque than SPMSM 
because IPMSM has reluctance torque in addition to the 
electromagnetic torque. This reluctance torque is present 
in IPMSM because the magnets embedded into rotor 
makes the quadrature-axis inductance (Ld) larger than the 
direct-axis inductance (Ld) [8].  
 On the other hand, IPMSM becomes more nonlinear 
system because d-q axis currents and d-q axis inductances 
act on each other due to the presence of reluctance torque, 
which is not the case in SPMSM [12]. Therefore, during 
high-performance usage, the challenge arises with the 

accuracy of the IPMSM drives control. System 
uncertainties and disturbances are common problems in 
IPMSM along with nonlinearity [8]. Thus, to solve above 
challenges, high-performance control is needed, which in 
turn will give a quick transient response, speed 
stabilization from various disturbances and firmness to 
parameter changes. However, high performance cannot be 
obtained by conventional methods of control like 
proportional-integral (PI), linear quadratic regulator 
(LQR) [12]. Thus, more advanced control methods which 
include fuzzy control [16], hybrid-fuzzy control [1], 
vector control [2], model predictive control [17], sliding-
mode control [15], adaptive control [14] and internal 
mode control [13] have been investigated. For [13]-[14], 
by changing d-axis current to zero value, control system 
design of IPMSM can be made easier. But it will cause 
the reluctance torque to disappear and subsequently, 
IPMSM will not produce maximized torque. Higher 
torque with low current consumption can be achieved for 
control method as in [16] by efficient application of 
reluctance torque with the use of maximum torque per 
ampere (MTPA) operation. Even though the fuzzy control 
is popular research focus, its control algorithm becomes 
complex as fuzzy rules grow [5]. Also, such control 
methods possess several thresholds to choose suitable 
membership functions and fuzzy rules. The design process 
needed by the predictive control model is very complex 
[17].  
 The PI anti-windup speed controller technique has been 
investigated for a long time. It proposes short settling 
time, smooth tracking and absence of overshoot in 
transient response [6]. Adding feedforward term makes its 
tracking performance to be substantially improved [3]. 
However, the robustness of such controller to parameter 
variations is a topic for further investigation. 
 This paper presents PI anti-windup speed control of 
IPMSM based on feedforward compensation with 
tracking and back calculation. This speed controller 
accounts for nonlinear effects of a control system. The 
proposed advanced speed controller was tested via 
mathematical simulation in a Matlab/Simulink software. 



 
 

 

II. ANTI-WINDUP PI CONTROLLER WITH SETPOINT 
WEIGHTS DESIGN 

A. Dynamic Model of IPMSM 
The mathematical model of a 3-phase IPMSM servo 

system in the d-q reference frame is represented by the 
given equations:  
 

ቐ
߱̇ = ݇ଵ݅௤௦ − ݇ଶ߱ −݇ଷ ௅ܶ + ݇ଵଵ݅ௗ௦݅௤௦

ଓ௤௦̇ = −݇ସ݅௤௦ −݇ହ߱ + ݇଺ ௤ܸ௦ − ݇ଵ଴߱݅ௗ௦ 	
ଓௗ௦̇ = −݇଻݅ௗ௦ + ଼݇ ௗܸ௦ + ݇ଽ߱݅௤௦

 
 
(1) 

 
where  
݇ଵ = ଷ

ଶ
ଵ
௃
௣మ

ସ
௠  ݇ଶߣ = ஻

௃
    ݇ଷ = ௣

ଶ௃
					 ݇ସ = ோೞ

௅೜
 

݇ହ = ఒ೘
௅೜
	      ݇଺ = ଵ

௅೜
	    ݇଻ = ோೞ

௅೏
	       ଼݇ = ଵ

௅೏
	     ݇ଽ =

௅೜
௅೏
	     

݇ଵ଴ = ௅೏
௅೜
	      ݇ଵଵ = ଷ

ଶ
ଵ
௃
௣మ

ସ
ௗܮ) −   (௤ܮ

߱ is the electrical rotor speed, ݅ௗ௦ and ݅௤௦ are the d-axis 
and q-axis currents, ௗܸ௦  and ௤ܸ௦ are the d-axis and q-
axis voltages, ௅ܶ  is the load torque, p is the number of 
poles, ܴ௦ is the stator resistance, ܮௗ and ܮ௤ are the d-
axis and q-axis inductances, J is the rotor inertia, B is 
the viscous friction coefficient, ߣ௠  is the magnetic flux 
linkage. 

 ߱, ݅ௗ௦ and ݅௤௦ are measurable state variables, ௗܸ௦  
and ௤ܸ௦ are the control inputs, ௅ܶ  is considered as the 
disturbance. 

B. Implementation of a MTPA method 
The d-axis current reference ݅ௗ௦ௗ  is frequently equated 

to zero with an intention to simplify the controller design. 
However, this approach does not allow to maximize the 
torque generation. Utilizing of the MTPA approach is able 
to increase the torque produced in the constant torque 
region and overall drive efficiency. The following 
approximate equation was used in the model to obtain 
desired d-axis current.  
  
 

݅௤௦ௗ =
ௗܮ − ௤ܮ
௠ߣ

݅௤௦ଶ 
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C. Anti-windup and 2DOF approaches 

Sudden significant change in reference speed, large 
disturbances or equipment malfunction can result in an 
excess amount of current and voltage, which in turn can 
damage a motor, cause long settling time, produce big 
overshoots, and sometimes makes the system unstable.  
This undesirable system behavior is called integrator-
windup [6]. The windup phenomenon can be avoided by 
incorporation into speed controller of an anti-windup 
technique. 

The anti-windup compensators have several variations 
such as back-calculation and tracking, integrator reset and 
low-order dynamic compensator. The back-calculation 
and tracking technique is easy to implement and apply in 
most of the electronic drives including IPMSM motor 
speed controller.  

The principle of back-calculation approach is as 
follows. Whenever the output of the speed controller 
saturates, the integral component is reset dynamically 
with a time constant Tt so that the new value is passed as 
an output. 

The error signal ݁௦ is generated from the difference of 
saturation input (or controller output) and saturation 
output signals. This error signal is then sent to the 
integrator with gain ଵ

೟்
 . The signal ݁௦ is equal to value of 

zero whenever the saturation does not occur and equals to 
some other values when saturation does happen. This 
breaks the normal loop, which is then restored when the 
integrator output is brought to value so that input to the 
integrator becomes zero. 
Input to the integrator is: 
 1
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where e is the tracking error. 
Thus, during the steady state: 
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where ௦݁ is equal to ݑ −  where v is the saturation input ,ݒ
and u is the saturation output. 
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where ݑ௟௜௠	represents the saturating value. 
 

Therefore, the integrator will not be winding up. The 
output of the controller is reset according to the feedback 
gain  ଵ

೟்
 , where ௧ܶ 	is the time constant, which states 

integral reset period.  
For PID anti-windup speed controller the control 

signal has a proportional band for which the actuator does 
not saturate. The control signal equation is: 
ݑ  = ௦௣ݕ൫ܾܭ ൯ݕ− + ܫ	 − ܭ ௗܶ

ݕ݀
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where b is the set point weight.  
Then the process output will be: 
௦௣ݕ  = ݕ + 	 ௗܶ
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So the proportional band will have interval of: 
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where the actuator saturates for the ݑ௠௔௫ 	and ݑ௠௜௡  , 
which represent control signal values. The operation of 
the controller will be linear if the response lies in the 
interval of proportional band. On the contrary, when the 
control signal does not correspond to the proportional 
band interval, it saturates. However, this process is not 
used because the controller which is under consideration 
is of PI type. 

There are many hybrid PI controllers (fuzzy logic, 
neural network, sliding mode control, etc.) that have been 
published. However, they are too complicated to 



 
 

 

implement. Recently, many publications focus on 2DOF 
PI control.   

In this paper, back-calculation and tracking approach 
coupled with the simple 2DOF design was applied to 
IPMSM speed controller via MATLAB/Simulink 
simulation. Simulation results are shown to demonstrate 
the performance of the proposed speed controller.  

III. SIMULATION RESULTS AND ANALYSIS 
The simulation was conducted using Matlab/Simulink 

software program. Figure 1 represents Simulink model of 
the whole control loop of IPMSM. The control loop 
consists of two controllers: speed control loop and current 
control loop. The goal of the paper was to design IPMSM 
speed controller. 

Figure 2 illustrates the mathematical model of 
IPMSM. Nominal parameters of the motor are listed in 
Table I. The mathematical scheme of PI anti-windup 
speed controller based on feedforward compensation and 
back calculation is presented in Figure 3. The 
mathematical scheme of the conventional PI speed 
controller is shown in Figure 4. Figure 5 shows 
“C_controller” PI-PI current controller, outputs of which 
are fed to “Controller” diagram block. “Controller” 
diagram block is exhibited in Figure 6, where it adds up 
feedforward and feedback components to obtain control 
inputs ௤ܸ௦ and ௗܸ௦. After some transformations, these 
control inputs are sent to IPMSM.   

 
A. Simulation setup and conditions 

Set point weighting b was set to 0.3. PI gains were 
chosen according to the tuning rule described in [7]. In the 
paper, the bandwidths of the PI speed controller and 
damping coefficient are chosen as ωs = 2π·12 rad/s and 
12, respectively. Therefore, the following tuning constants 
are obtained: K = 0.038674, Ti = 0.0188, and Tt was set 
equal to K. 

Table II illustrates three scenarios to show the 
performance of designed PI 2-DOF anti-windup speed 
controller and compare it with conventional PI speed 
controller. Under Scenario 1, load torque maintains 1 N.m 
and the speed varies from 900 to -900 r/min and returns to 
900 r/min. Then, during Scenario 2 load torque maintains 
1 N.m and the speed varies from 500 to -500 r/min and 
returns to 500 r/min. Finally, under Scenario 3 reference 
speed maintains 900 r/min and the load torque varies from 
1 N.m to 1.5 N.m and returns to 1.0 N.m.  

 
Figure 1. Overall Simulink model of IPMSM control loop 
 

 
Figure 2. Simulink model of IPMSM 
 
Table I. IPMSM Drive parameters 
 

Symbol Meaning Value Unit 

Prated Rated power 390 W 

p Number of poles 4 - 

Rs Stator resistance 2.48 Ohm 

Lq q-axis inductance 113.91 mH 

Ld d-axis inductance 74.98 mH 

λm Magnet flux linkage 0.193 V·s/rad 

J Equivalent friction 
coefficient 

0.00042 kg·m2 

B Viscous friction coefficient 0.0001 N·m·s/rad 

Vdc dc-link voltage 295 VDC 

fs PWM switching frequency 5 kHz 

 
 

 
Figure 3. Simulink model of proposed PI anti-windup speed controller 

 
Figure 4. Simulink model of conventional PI speed controller 
 



 
 

 

 
Figure 5. Simulink model of PI-PI current controller 

 
Figure 6. Simulink model for calculating control inputs ௤ܸ௦  and ௗܸ௦ 
 
Table II. Testing conditions 

Scenario Reference rotor speed wd (r/min) Load torque TL (N*m) 

1 900=>-900=>900 1.0 

2 500=>-500=>500 1.0 

3 900 1.0=>1.5=>1.0 

 
B. Simulation results 

Figures 7(a)-12(a), 7(b)-12(b), 7(c)-12(c), 7(d)-12(d) 
and 7(e)-12(e) demonstrate speed response, q-axis current 
݅௤௦, d-axis current ݅ௗ௦, q-axis voltage ௤ܸ௦ and d-axis 
voltage ௗܸ௦  waveforms, respectively, for designed and 
conventional speed controllers under all three scenarios.  

Scenario 1 was introduced to illustrate the stability of 
the designed controller. Figure 7(a) shows that the system 
remains stable after a sudden change of rotor desired 
speed from 900 to -900 r/min. Contrary, conventional PI 
controller becomes unstable (Figure 8(a)). 

Considering Scenario 2, conventional speed controller 
has significant overshoots of 3.99%, 68% and 115.2% 
(Figure 10(a)). On the other hand, the proposed controller 
does not exhibit overshoots during a positive speed 
change, but it still shows 6.52% overshoot after 500 to -
500 r/min speed change (Figure 9(a)). Moreover, the 
settling time was improved from 0.24 s to 0.11 s (during 
500 to -500 r/min speed change) and from 0.24 s to 0.09 s 
(during -500 to 500 r/min speed change).  
 

 
Figure 7. a) Simulation of IPMSM with PI anti-windup controller during 
set-point changes between 900 rpm and -900 rpm b) Simulation result of 
݅௤௦ current c) Simulation result of ݅ௗ௦ current d) Simulation result of ௤ܸ௦  
voltage e) Simulation result of ௗܸ௦  voltage 



 
 

 

Figure 8. a) Simulation of IPMSM with conventional controller during 
set-point changes between 900 rpm and -900 rpm b) Simulation result of 
݅௤௦ current c) Simulation result of ݅ௗ௦ current d) Simulation result of ௤ܸ௦  
voltage e) Simulation result of ௗܸ௦  voltage 

 
Figure 9. a) Simulation of IPMSM with PI anti-windup controller during 
set-point changes between 500 rpm and -500 rpm b) Simulation result of 
݅௤௦ current c) Simulation result of ݅ௗ௦ current d) Simulation result of ௤ܸ௦  
voltage e) Simulation result of ௗܸ௦  voltage  



 
 

 

 
Figure 10. a) Simulation of IPMSM with conventional controller during 
set-point changes between 500 rpm and -500 rpm b) Simulation result of 
݅௤௦ current c) Simulation result of ݅ௗ௦ current rpm d) Simulation result of 
௤ܸ௦  voltage e) Simulation result of ௗܸ௦  voltage  

 
Figure 11. a) Simulation of IPMSM with PI anti-windup controller 
during load-torque changes introduced b) Simulation result of ݅௤௦ current 
c) Simulation result of ݅ௗ௦ current d) Simulation result of ௤ܸ௦  voltage e) 
Simulation result of ௗܸ௦ voltage 



 
 

 

 
Figure 12. a) Simulation of IPMSM with PI conventional controller 
during load-torque changes introduced b) Simulation result of ݅௤௦ current 
c) Simulation result of ݅ௗ௦ current d) Simulation result of ௤ܸ௦  voltage e) 
Simulation result of ௗܸ௦ voltage 

 
 
 
 
 

C. Analysis 
First simulation trials were conducted by setting 

reference speed values from 900 at 0 seconds to -900 at 3 
seconds and, again, to 900 at 7 seconds. PI anti-windup 
speed controller exhibited significantly better results with 
smooth speed tracking without overshoots. The simulation 
result is shown in Figure 7(a). 

On the other hand, conventional PI speed controller 
became unstable at 3 seconds when reference speed 
changed from 900 rpm to -900 rpm. The simulation result 
is shown in Figure 8(a). Moreover, it can be noted that ݅௤௦ 
and ݅ௗ௦ currents become unstable at 3 seconds (Figures 
8(b)-(c)) as well as voltages ௤ܸ௦ and ௗܸ௦ (Figures 8(d)-(e)). 

Therefore, for a fair comparison, the reference speed 
changed from 500 at 0 seconds to -500 at 3 seconds and 
500 at 7 seconds. Simulation result with PI anti-windup 
speed controller is presented in Figure 9(a). At lower 
speeds, advanced speed controller shows great 
performance with smooth tracking and no overshoots at 
500 rpm and insignificant one during -500 rpm speed 
tracking. 

The conventional speed controller demonstrated stable 
response during 500 and -500 rpm, but high overshoots 
occurred during -500 rpm and 500 rpm references speed 
changes. The simulation result is shown in Figure 10(a). 

Nevertheless, designed controller shows no change in 
terms of robustness to load torque or parameter variations 
(changes in motor inertia J was introduced as an 
example). Figures 11(a) and 12(a) present the simulation 
results. 

IV. CONCLUSION 
This paper proposes PI anti-windup control of IPMSM 

based on feedforward compensation. The testing of this 
advanced controller was done in Matlab/Simulink 
simulation program using mathematical representations of 
IPMSM and both controllers. Overall, the proposed anti-
windup PI speed controller with set-point weighting 
demonstrates better results in terms of set-point tracking 
with fast response and stability during reference speed 
changes in comparison with a conventional PI controller. 
Although, further work should be conducted to improve 
robustness for load torque and motor parameter variations. 
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