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Abstract- This paper presents a System-on-Programmable-Chip (SoPC) solution to develop a sensorless control drive for 
permanent magnet synchronous motor (PMSM). To evaluate the effectiveness of SoPC, the Hardware/Software co-design 
method using SoPC is firstly introduced and presented. Then it is applied to design a sensorless speed control IC for PMSM 
drive. In this SoPC, it has two modules to construct a fully digital drive controller. One module performs the function of the 
speed loop control, speed command and speed estimation based on extend Kalman filter (EKF). The other module performs 
the function of the current loop control for PMSM drives. The former is implemented by software using Nios embedded 
processor due to the need of complicated control algorithm and low sampling frequency control. The latter is implemented 
by hardware due to the need of high sampling frequency control but simple computation. The results demonstrates the 
performance efficiency of the proposed integrated solution.  
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I. INTRODUCTION 
 
High integration, good performances, flexibility, 
compact size, fast time to market and low cost servo 
motor drives for electrical actuators have become 
important issues. In literature, the FPGA is almost 
used to realize the hardware part of the overall 
system. Hardware solutions having high control 
performance [1] - [5], but lack of flexibility and long 
development time with complicated algorithms also 
indicate a severe limitation from industrial point of 
view. Moreover, the FPGA based hardware 
controllers cannot be considered as embedded full 
SoPC solution since they do not integrate all the need 
control motor function. Software solutions with DSP 
or microcontrollers have been proposed in many 
publications on drive control technology. However, 
although the controller using DSP provides a flexible 
skill, it is not cost-effective PMSM speed drives and 
tends to exhaust CPU resources, suffers from a poor 
timing performance [6] -  [10]. 
 
Nowadays, SoC (System on a Chip) and IP 
(Intellectual Property) designs can be developed and 
downloaded into FPGA to work with an embedded 
processor [8] to construct a SoPC (System  on  a  
Programmable  Chip)  environment [8] - [12]. Due to 
this advantage, we design a fully digital sensorless 
control IC  for  PMSM drives  under  this  SoPC 
environment,  the  current  control  scheme  can  be  
realized by hardware in programmable logic devices 
(PLD) and the motion control algorithm including 
EKF speed estimation can be realized by software 
using Nios processor. Therefore, all of the function 
needed for building up a PMSM drives can be 
integrated and realized in this single SoPC chip. At 
last, we prove that the development of PMSM drives 

is more compact, programmable, flexible, robust and 
easy to implement under this SoPC environment. 
 
II. HARDWARE/SOFTWARE CO-DESIGN 
METHOD 
 
Based on the SoPC technology, a closed-loop servo 
control system by mixing hardware and software 
implementation in FPGA chip will be discussed in 
this section. The circuits requiring fast processing but 
simple computation are suitable to be implemented 
by hardware in the FPGA, and the complicated 
control algorithm with heavy computation can be 
realized by software in the FPGA. The results of the 
Hardware/Software co-design increase the 
programmability and the flexibility of the designed 
digital system, enhance the system performance by 
parallel processing, and reduce development time. To 
exploit the features, a plant with first- order system 
and a PID controller to form a closed loop control 
system is taken as a design example and shown in 
Figure 1. 
 

 
Fig. 1. Closed-loop control syste 
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The sampling time frequency using in plant system is 
500 Hz and 1 kHz in digital controller. The plant and 
the PID controller are described as follow: 
Discrete type plant model: 

     . 1 . 1y n y n x n      (1) 
The PID controller: 

   .p pu n k e n   (2) 

     1 . 1i iu n u n k e n      (3) 

      1d du n k e n e n    (4) 
 
The parameters of PID are as Kp = 0.15, Ki = 0.1, Kd 
= 0.01; the parameters of plant are as φ = 0.8, θ = 

0.5 and the input of closed loop control is xn = 0.5. 
 
To investigate the correctness and effectiveness of 
Hard-ware/Software co-design method, the 
implementation of the proposed closed-loop servo 
control system will be implemented into two 
methods: (1) Full hardware implementation and (2) 
Hardware and software implementation. 

In all hardware realization method, the plant and 
the PID controller are both implemented by hardware 
using VHDL code. The simulation is performed by 
QUARTUS II software. In QUARTUS II simulation, 
the values are transferred to Q15 format values and 
the simulation results are shown in Fig.2. 

 

 
Fig. 2. Simulation result in QUARTUS II 

 
In Fig.2, the steady state value of output y(n): 16376 
for Q15 after 170 ns, maximum value = 20430 
(0.4997 and 0.6234 for real value). On the other 
hand, the simulation result in MATLAB is used to 
compare with the result in QUARTUS II. The 
MATLAB’s simulation results are shown in Fig.3. 
In hardware/software co-design method, the plant is 
implemented by hardware in FPGA, while the PID 
controller is implemented by software using Nios II 
processor. Overall structure is shown in Fig.4 and it 
can be divided into two parts: Nios system and plant. 
In Nios system, the controller operation can be done 
and control signal is transferred to the plant 
through FPGA Avalon Bus’s I/O. And then the 
feedback signal and the response results are 
buffered to the memory and wait until the interrupt 

act. The closed loop control is implemented with 
interrupt time 1 kHz. 
 

 
Fig. 3. Simulation result in MATLAB 
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Fig. 4. SoPC based closed-loop control system using Nios 

 

Table 1 summarizes the simulation results of closed- 
loop control system with three different types of 
design method. Compared with hardware realization 
method, the Hardware/Software co-design 
implementation has the following benefits. The 
response of PID controller in the co-design method 
has the overshoot is smaller the one in the hardware 
realization case and it is very similar to MATLAB 
simulation. Further, the development time of the 
control system is much shorter than hardware 
implementation method. However, in the 
hardware/software co-design method, chip resource 
is occupied (8% LEs resource) more than using all 
hardware realization (1% LEs resource) since Nios II 
processor occupy with 3,652/40,877 LEs chip 
resource.

Table 1. Comparison results between design methods 

 
 

III. PROPOSED SOPC BASED SENSORLESS 
CONTROL IC PMSM DRIVER 
 
3.1. Extended Kalman Filter Algorithm 
 Kalman filtering is an optimal, stochastic approach to state estimation and

        i t f x t Bu t t       (5) 

      y t h x t t      (6) 
 
where x(t ), u(t ) and y(t ) are respectively the 
system’s state, input and output. The system noise 
σ (t ) and measurement noise µ (t ) are assumed to 
be zero-mean, with white-noise Gaussian 
distributions, respectively. 
 
After linearization and then discretization with a 
sampling period Tc , the discrete model of (5) − (6) 
becomes approximately,  

( ) ( , 1) ( 1) ( 1) ( 1)cx n n n x n BT u n v n            (7) 
( ) ( ) ( ) ( )y n H n x n n     (8) 

 
where  v n  and  n  are the discrete forms 
respectively of system noise with covariance Q(n), 
and measurement noise with R(n) The Jacobian, 
output matrices and state transition matrix for the 
system are defined respectively as follows, 

  ( )|x x n
fF n
x 





    (9) 

  ( )|x x n
hH n
x 





  (10) 

 , 1 ( 1) CQ n n I F n T      (11) 
where I is the identity matrix. 

The EKF is an optimal estimator which 

minimizes the cost function    2

1

m

n
J E x n



  in 

the least square sense, where   x n is defined as the 

difference between the system state  x n and its 

estimate  x̂ n , i,e.,      ˆ .x n x n x n  Accordingly,  
the EKF algorithm can be described by the following 
two-step recursive equations: 

(i) Prediction: 
The predicted estimate is obtained from (7) as, 
ˆ ˆ( | 1) ( , 1) ( 1) ( 1)cx n n n n x n BT u n        (12) 

The estimate covariance is predicted by 
( | 1) ( , 1) ( 1) ( , 1) ( )TP n n n n P n n n Q n          (13) 

(ii) Updating: 
 
From (8), the updated estimate and 
correspondingly its covariance are obtained as, 

       ˆ ˆ ˆ( ) ( | 1) | 1x n x n n K n y n H n x n n        (14)
 
 

     ( ) ( | 1) | 1P n P n n K n H n P n n      (15) 
where the Kalman gain is calculated by 

         
1

( ) ( | 1) | 1T TK n P n n H n H n P n n H n R n


      (16) 
 
3.2. Sensorless Control Design 
The model of PMSM under field orientation can be 
expressed in the    axes by, 
 

sin0
0 cos

es s
e f

s s e

v ir sL
v ir sL
 

 


 


      

             
  (17) 
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where s d qL L L


  (surface mounted PMSM); 
T

v v     an d  
T

i i     are respectively the 
vectors of voltage and current in fixed coordinates; 
rs  is the phase winding resistance, Ls  is axis 
inductance, ωe  is the rotating speed, λ f   is the 
permanent magnet flux linkage and θe  is 
correspondingly the rotor’s angular position at that 
magnet flux.  
If we choose   e ex t i i        the vector 
control of the state variables, then (17) can be 
expanded to the following formulation 

sin 1
0

sin 1
0
0 00
0 0

e f es

s s s

e f es

se s s

e

e

r i
i L L L
i vr id

L vdt L L





 



  

  





                                             
    

     (18) 

1 0 0 0
0 1 0 0 e

e

i
i i
i



 

 


 
               
  

  (19) 

 
Thus, from (19) − (20) the dynamic model of the 
PMSM in the state variable form can be expressed 
generally as, 

      
.
x t f x t Bu t    (20) 

 y Hx t  (21) 
 
where   T

y t i i     and   T
u t v v     .

 To 

p r oc eed  with  th e  f i l t er  design, the Ja cobi a n , 
output matrix, and state transition matrix are obtained 
in accordance respectively with (9), (10) and (11) as, 

 

 
The  initial values of  Q,  R  and  P(0)  need  to  be  
chosen. Through the recursive calculation, 
estimated values of the state vector 

  ˆˆ ˆ ˆˆ
T

e ex t i i       is obtained at each 

sampling period. Thus, the estimated angular 
position, ê  and rotor speed, ˆ e  are computed 
directly from these sampled values. 
 
3.3. SoPC Implementation of  Sensorless Control 
IC 
The internal architecture of the proposed SoPC-based 
sensorless control IC for PMSM drive is shown in 
Fig.5. The SoPC technology is developed by 
Altera Corporation and consists of a FPGA and a 
Nios embedded processor. The FPGA is Cyclone 
IV EP4CE115, which has 114,480 LEs, maximum 
528 user I/O pins, total 294,912 RAM bits, and a 
Nios embedded processor which has a 16-bit or 32-
bit configurable CPU core, 1 to 20 Kbytes available 
on chip and maximum 4 Gbytes off-chip memory. A 
custom software development kit (SDK) consists of 
a compiled library of software routines for the 
SoPC design, a Make-file for rebuilding the library, 
and C header files containing structures for each 
peripheral. 
 
In Fig.5, the proposed FPGA-based control IC has 
two IPs, a Nios embedded processor IP and an 
application IP. The Nios processor is used to 
perform the function of a PI controller in speed 
loop of PMSM drive, the rotor flux position estimator 
using full-order EKF and its flow chart of interrupt 
service routine (ISR) for sensorless speed control 
are shown in Fig.6. The controller program is coded 
in C language. The application IP for current vector 
control of PMSM in Fig.5 is implemented by 
hardware using PLD due to the need of high-speed 
but simple computation and it includes frequency 
divider, circuits of two PI controllers, coordinate 
transformation of Clarke, Park, inverse Park, inverse 
Clarke and circuits of SVPWM. 
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Fig.5. SoPC - based Sensorless PMSM drive system 

 

 
Fig. 6. Flow chart of main and ISR program in DSP chip 

 
IV. RESULT AND DISCUSSION 
 
Simulation is performed by using Quartus II and 
Nios II for a single FPGA chip. The speed 
command and sensorless control algorithms using 
EKF is implemented in Nios II integrated 
development environment. The current vector control 
of PMSM are described in VHDL code and executed 
in Quartus II software environment. (from 0 rpm 
→ 500 rpm → 1000 rpm → 500 rpm → - 500  
rpm → - 1000  rpm) and inverse speed (from 500 
rpm to -500 rpm) condition is evaluated, and its 
simulation results are shown in Fig.7. 

 

 
Fig. 7. Speed pattern 0 r pm → 500 rpm → 1000 rpm → 500 

rpm → -500 rpm → -1000 rpm: (a) actual and estimated speed, 
(b) actual and estimated rotor flux angle and (c) current 

response 
 
Fig.7 presents that not only at speed tracking but also 
at flux angle (FA) tracking, the estimated value 
adopted by EKF method can give a good 
following to the real rotor value. Moreover, the 
actual rotor speed gives a fast step response by 20 
ms rising time, near 0 mm steady-state value and no 
overshoot, except in the initial condition has 40 ms 
rising. Therefore, the simulation demonstrates that 
the EKF based sensorless control PMSM drive using 
SoPC technology is effectiveness and correctness. 
 
CONCLUSION 
 
A  SoPC for  PMSM drives using a  FPGA and  a  
Nios embedded processor has been presented in this 
paper. This SoPC performs the function of a fully 
digital and high performance  control  for  PMSM  
drives  system,  therefore the current vector control 
scheme, SVPWM generation, coordinate 
transformation, QEP detection, speed PI control 
strategy and EKF estimation are all realized and 
integrated in this single SoPC. Simulation results are 
validated a good performance while using this SoPC 
in PMSM drives. 
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