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Summary 
The new generation of Field Programmable Gate Arrays 
(FPGAs) technology enables to be embedded a processor to 
construct an SoPC (System-on-a-Programmable-Chip) 
developing environment. Therefore, this study presents a servo 
control IC for X-Y table using this SoPC technology. In this 
proposed servo control IC, there are two modules. One module 
performs the functions of the motion trajectory and two-axis 
position controller. The other module performs the functions of 
current vector control of motor drives for two PMSMs 
(Permanent Magnet Synchronous Motors). The former is 
implemented by software using Nios II embedded processor due 
to the need of the complicated control algorithm and low 
sampling frequency control (motion trajectory & position 
control: less than 1kHz). The latter is implemented by hardware 
using PLD (programmable logic device) in FPGA due to the 
need of high sampling frequency control (current loop: 16kHz, 
PWM circuit: 4~8MHz) but simple computation. Furthermore, to 
improve the control accuracy of the table positioning, a full 
closed-loop control, which the signal of linear encoder is feed-
backed for position control, is considered. As this result, the use 
of SoPC technology can make the servo controller of X-Y table 
more compact, high performance and cost down. 
Key words: 
SoPC, FPGA, X-Y Table, NiosII, Motion Contro IC. 

1. Introduction 

Development of a compact and high performance servo 
controller system for precision X-Y table, CNC machine 
etc. is a popular research work in literature [1-2]. In 
position control of X-Y table, there are two methods to be 
considered, that one is semi closed-loop control and the 
other is full closed-loop control. The full closed-loop 
control with feed-backed by a linear encoder as the table 
position signal had been proven a better position control 
method then the semi closed-loop control, that a rotary 
encoder attached to ac motor is feed-backed as the 
position signal. 
For the progress of VLSI technology, the FPGA have been 
widely investigated due to their programmable hard-wired 
feature, fast time-to-market, shorter design cycle, 
embedding processor, low power consumption and higher 
density for implementing digital system [3-4]. FPGA 
provides a compromise between the special-purpose ASIC 
(application specified integrated circuit) hardware and 
general-purpose processors [5]. Therefore, using an FPGA 

to develop a compact, low-cast and high performance 
servo system for precision machine become an important 
issue. But in many researches, the FPGA is only used to 
realize the hardware part of the overall servo control 
system [6]. 
Nowadays, SoPC and IP (Intellectual Property) designs 
can be developed and downloaded into FPGA with an 
embedded processor to construct an SoPC environment [7-
9]. Using SoPC technology, the software and hardware co-
design are reprogrammable and can be parallel processing 
in FPGA to increase the system performance and 
flexibility. Due to the advantage, a full close-loop control 
IC for X-Y table based on the SoPC technology is 
developed and shown in Fig.1. In Fig.1, the scheme of 
current vector control of two PMSMs can be realized by 
hardware in programmable logic devices (PLD), and the 
motion trajectory and position control algorithm for X-Y 
table can be realized by software using Nios II processor. 
Therefore, all of the function needed to construct a full 
closed-loop control for X-Y table can be integrated and 
realized in an FPGA chip. In this paper, FPGA chip adopts 
Altera Stratix II EP2S60 [10-11], which has 24,176 ALMs 
(equivalent 60,440LEs), maximum 718 user I/O pins, 36 
DSP blocks, total 2,544,192 RAM bits, and a Nios II 
embedded processor which has a 32-bit configurable CPU 
core, 16 M byte Flash memory, 1 M byte SRAM and 16 M 
byte SDRAM, is used.  Therefore, this FPGA chip is very 
suitable to develop a servo controller system for X-Y table. 

2. System Description and Design 

The architecture of the proposed SoPC-based motion 
control IC for X-Y table is shown in Fig. 1, in which the 
motion trajectory, the position and speed control are 
implemented by software using Nios II embedded 
processor and the current vector of motor drives for two 
PMSMs are implemented by hardware in FPGA chip. The 
modeling of PMSM, fuzzy control algorithm and design of 
proposed servo control IC are introduced as follows: 

2.1 Mathematical modeling of PMSM 

The typical mathematical model of a PMSM is described, 
in two-axis d-q synchronous rotating reference frame, as 
follows:  
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Fig. 1 The architecture of the proposed SoPC-based motion control system for a X-Y table 
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where vd, vq are the d and q axis voltages; id, iq, are the d 
and q axis currents, Rs is the phase winding resistance; Ld, 
Lq are the d and q axis inductance; eω  is the rotating 
speed of magnet flux; fλ is the permanent magnet flux 

linkage.  
The current loop control of each PMSM drive in Fig.1 is 
based on a vector control approach and its detailed 
description is shown in Fig.2. If the id is controlled to 0 in 
Fig.2, the PMSM will be decoupled, and control a PMSM 
like a DC motor. After simplification, the modeling of a 
PMSM can be written as the following equation, 

qtqfe iK iPT Δ= λ
4

3  (3) 

with  

ft
PK λ
4

3
=  (4) 

Considering the mechanical load with linear table, the 
overall dynamic equation of linear table system is 
obtained by 
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r
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mLe

ππ 22
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where Te is the motor torque, Kt  is force constant, Jm is 
the inertial value, Bm is damping ratio, TL is the external 
torque, sp represents the displacement of x-axis or y-axis 
table and  r is the lead of the screw. 

2.2 Coordinate transformation 

The coordination transformation of the PMSM in Fig. 2 
can be described in synchronous rotating reference 
frame. The coordination system used in rotating motor 
includes stationary a-b-c frame, stationary α-β frame and 
synchronously rotating d-q frame. These transform 
equations are described as follows, and the 

sf  represents 
a space vector refer to current, voltage or flux. 

Clarke: stationary a-b-c frame to stationary α-β frame. 
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 Modified 1−Clarke : stationary α-β frame to stationary 
a-b-c frame. 
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Park : stationary α-β frame to rotating d-q frame. 
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1−Park : rotating d-q frame to stationary α-β frame. 

⎥
⎦

⎤
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡ −
=⎥

⎦

⎤
⎢
⎣

⎡

q

d

ee

ee

f
f

f
f

θθ
θθ

β

α

cossin
sincos

 
(9) 

rωrωSVPWM

PI

PI
rfxvrfxv
rfyvrfyv

rfzvrfzv

aiai

wiwicici

*
qi
*
qi

*
di
*
di

+

−

−

αvαv

βvβv

dvdv

qvqv

Z

3-Phase
inverter

PWM1
PWM2
PWM3
PWM4
PWM5
PWM6

Current
detector

uiui

U

V
W

qiqi

didi

+

Encoder
detector & 
Transform.

-

Rectifier

+ −

AC

A/D

bibi

1−
Modified 
Clarke1−Park 1−Park

Park Clarke

A
B

βα,βα,

βα,βα,

cba ,, cba ,,

cba ,, cba ,,

βα,βα,

qd,qd,

βα,βα,

qd,qd,

Sin&Cos

= 0

LPF

A/D LPF

Current vector control for each axis of X-Y table
Which is Implemented by hardware (PLD) in FPGA

αi

βi

px

eθ Comparator

Circuit

Z

-A
B

Comparator

Circuit

To x-axis or 
y-axis PMSM

Signal from 
Rotary Encoder

Signal from
Linear Encoder

Encoder
detector & 
Transform.

pyor

 
Fig.2 Block diagram of current vector control at each axis of X-Y table 

2.3 Fuzzy controller for position control loop 

The internal block diagram of motion controller for X-Y 
table in Fig.1 is shown in Fig.3. The motion controller, 
which is implemented by software in Nios II embedded 
processor, performs the function of the motion trajectory, 
two-axis’ position and speed controller, etc. 
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Fig.3 Block diagram of position control and trajectory computation in 

Nios II Processor 

Each position controllers in Fig. 3 adopts fuzzy controller, 
which includes fuzzification, fuzzy rules, inference 
mechanism and defuzzification. At first, the position error 
and its error change, e , eΔ  are defined by 

)n(x)n(x)n(e p
*
p −=  (10) 

)1()()( −−=Δ nenene  (11) 

and Ke*e, Kde*Δe and uf are the input and output variable 
of fuzzy controller, respectively. Then, the design 
procedure of the fuzzy controller is as follows: 

 Define the linguist value as },,{ 21 EAA , they are 
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where ix  is input value, )(•mξ  is output value, m
ix and 

m
iw  are mean value and width of the triangular 

function, respectively. 
 Derive M fuzzy control rules from the dynamic 

response characteristics [12], as follows 
mm
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M rules using the singleton fuzzifier, product-
inference rule, and central average defuzzifier method. 
Therefore, the fuzzy control rule in (13) can be 
replaced by the following expression: 
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where mccc ,..,, 21 denote the center of the output 
membership function. 

2.4 Point-to-point motion control 

In Fig.3, the point-to-point motion control algorithm is 
used as the motion trajectory control for X-Y table. In this 
scheme, a trapezoidal velocity profile by constant 
acceleration and deceleration is considered, and the overall 
displacement ]y,x[s pp ΔΔ=Δ (mm), the maximum velocity 

[W1,W2] (mm/s), the acceleration and deceleration period 
Tacc, and the sampling interval td are the input parameters 
of the scheme.  Therefore, based on the velocity profile, 
the command of instantaneous position, ]y,x[s *

pp
* ∗=  at 

each sampling interval in Fig.3 can be determined by the 
following procedure. 

Step 1: Computation of the overall running time. First, 
compute the running time without considering 
acceleration/deceleration: 
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T1= max )/,/( 2p1p wywx ΔΔ  (15) 

This T1 must exceed acceleration time Tacc. Next, the 
acceleration/deceleration design is considered, and the 
overall running time is 

To= max (T1,Tacc) + Tacc (16) 
Step 2: Adjustment of the overall running time to meet 

the condition of multiple of the sampling interval.  
N ′=[Tacc/td] and N=[To/td] (17) 

where N is the interpolation number and [ ] represents 
the Gauss function. Therefore, 

accT ′ = N ′ * td and oT ′=N* td (18) 

Step 3: Modification of the maximum velocity 
)/(],[],[ accopp21 TTyxWWW ′−′=′′=′ ΔΔ  (19) 

Step 4: Calculation of the acceleration/deceleration 

accTW A ′′= /  (20) 

Step 5: Calculation of the position command, namely 
],[ **

ppp yxs ∗= , at the mid-position 

(a) Acceleration region: 
2

0rp tA
2
1ss *** +=  (21) 

where t =n* td, 0<n≤ N ′ , and 0rs  is the initial 
position. 

(b) Constant speed region: 

tWss 1rp ** ′+=  (22) 

where t =n* td , 0<n≤N1 and, 1rs  is the final 
position in the acceleration region and N1=N-
2* N ′ . 

(c) Deceleration region: 

)***( 2
2rp tA

2
1tWss −′+=∗  (23) 

where t =n* td, 0<n≤ N ′  and 2rs  is the final 
position in the constant speed region. 

2.5 Design of SoPC-based motion control IC for X-Y 
table 

The internal architecture of the proposed SoPC-based 
motion control IC for X-Y table is shown in Fig. 4. The 
FPGA uses Stratix II EP2S60, which has 24,176 ALMs 
(equivalent 60,440LEs), maximum 718 user I/O pins, 36 
DSP blocks, total 2,544,192 RAM bits, and a Nios II 
embedded processor which has a 32-bit configurable CPU 
core, 16 M byte Flash memory, 1 M byte SRAM and 16 M 
byte SDRAM. 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 

this control IC, it has two modules. One module performs 
the functions of the motion trajectory and two-axis position 
servo control. The other module performs the functions of 
vector control of two PMSMs. Module 1 in Fig.4 is Nios II 
embedded processor used to implement the complicated 
control algorithm by software. The flow charts of interrupt 
service routine (ISR) for motion control are plotted and 
shown in Fig.5. The module 2 in Fig.4 includes two set of 
circuits of current vector control which is implemented by 
hardware in FPGA due to the need of high-speed 
processing but simple computation. Each circuits of vector 
control includes two PI controllers, coordinate 
transformation of Clarke, Park, inverse Park, modified 
inverse Clarke and circuits of SVPWM, QEP and ADC 
conversion control. Figure 6 shows the digital circuit of PI 
controller which includes 3 adders, 2 multipliers, 2 D-type 
flip-flops and 3 max value limiters. Figures 7 to 8 are the 
circuits of modified Clark-1 and Park-1 transformation, 
respectively. The block diagram of SVPWM circuit is 
shown in Fig. 9. SVPWM circuit is designed with 12 kHz 
frequency and 1μs dead-band. The overall circuits included 
a Nios II embedded processor IP (10%) and two current 
vector control circuits (15%) in Fig. 4, use 25% utility of 
Stratix II EP2S60. 
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Fig. 9 Block diagram of the SVPWM circuit 

3. Experiments and results 

The overall proposed experimental system is depicted in 
Fig. 1. This system include an FPGA experimental board, 
two sets of voltage source IGBT inverter and an X-Y table 
which is driven by two PMSMs and two ball-screws. The 
power, rating, voltage, current and rating speed of each 
PMSM are 200W, 92V, 1.6A and 3000rpm, respectively. 
A 2500 ppr rotary encoder attached to PMSM is used to 
the sensor of motor’s electrical angle. Two linear encoders 
with 5μm resolution are mounted on the x- and y-table as 
position sensor, respectively. Each ball-screw has 5mm 
lead.  The inverter has 6 sets of IGBT type power 
transistors. The collector-emitter voltage of the IGBT is 
rating 600V, the gate-emitter voltage is rating ±12V, and 
the collector current in DC is rating 25A and in short time 
(1ms) is 50A. The photo-IC, Toshiba TLP250, is used for 
gate driving circuit of IGBT. Input signals of the inverter 
are PWM signals from FPGA chip. The FPGA-Altera 
Stratix II EP2S60 in Fig.1 is used to develop a full digital 
motion controller for X-Y table, which the motion 
trajectory and two-axis position servo control are 
implemented by software using Nios II processor, and the 
two axis current vector controller are implemental by 
hardware using programmable logic devices in FPGA. In 
our proposal system, the PWM switching frequency of 
inverter is designed with 12k Hz, dead-band is 1μs, and 
the control sampling frequency is 500Hz. The motion 
control algorithms are coded by C language. The 
computation time of Nios II processor for executing two-
axis position/speed control loop and a motion trajectory 
algorithm is about 1.5ms. 
In experiment, the position step response and the motion 
trajectory control are used to evaluate the dynamic 
performance of the proposed system. In the experiment of 
the step response, the results of X-axis and Y-axis table 
under 5 mm amplitude square wave command are shown in 
Fig.10 and Fig.11, respectively. The rising time and steady-
state value in Fig.10 are 150ms and 0mm, and in Fig.11 are 
120ms and 0mm. It reveals that the mass carried in X-axis 
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table is heavier than those in Y-axis table. To test the 
tracking performance of a point-to-point motion control for 
X-axis and Y-axis, the total displacement command is 
designed with moving from 0 mm to 50 mm position. In 
addition, the acceleration and deceleration velocity profile 
is considered. The trajectory tracking results in every axis 
corresponding with the aforementioned input commands 
are shown in Fig.12 and Fig.13. It can be seen that no 
matter what in position or the velocity trajectory, the 
motion of X-Y table can gives a perfect tracking with target 
in X axis and Y axis. In the experiment of the two-axis (X 
and Y axis) simultaneous motion control, the tracking 
performances about circular trajectory are evaluated and 
those results are shown in Fig.14. In Fig.14, the motion 
trajectory of X-Y table is circle with center (5, 5) cm, 
radius 5cm and its tracking errors are between 0.5 ~0.6 mm. 
Fig. 14 show good tracking responses in motion control of 
the X-Y table. Therefore, from the experimental results of 
Figs.10~14 demonstrate that the proposed motion control 
IC for X-Y table based on SoPC technology is 
effectiveness and correctness.  

4. Conclusion 

This study presents a motion control IC for X-Y table 
based on novel SoPC technology. A Nios II embedded 
processor is integrated into an FPGA chip. In the proposed 
motion control IC, the Nios II embedded processor is 
adopted to develop the function of the motion trajectory 
and fuzzy controller by software. Other functions, such as 
the two-axis current vector control, are designed by 
hardware in FPGA. Therefore, the motion control IC can 
integrate and realize a fully digital motion controller of X-
Y table in an FPGA chip. Experimental results 
successfully validated the step response, point-to-point 
path tracking and circular trajectory tracking, revealing 
that the proposed software/hardware co-design method 
with parallel processing performance well in the servo 
system of X-Y table. 
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Fig. 10 Step response for X-axis table 
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Fig. 11. Step response for Y-axis table  
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Fig. 12 Position and its velocity profile tracking response of X-axis table  
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Fig. 13 Position and its velocity profile tracking response of Y-axis table 
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Fig. 14 Circular motion tracking of X-Y table 
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