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Abstract: In motion control systems, stepper motors are widely used and the stepper motor driver is mainly
implemented using a DSP (Digital Signal Processor). Using the DSP allows the control algorithm to be easily applied.
Both coding and debugging processes can be rapidly performed. The DSP based driver’s exhibit good performance;
they are reliable, precise, and responsive. However, when mass production is needed, FPGA (Field-programmable Gate
Array) based drivers are preferred since the FPGA based design is compatible with conversation to an ASIC
(Application Specific Integrated Circuit). Previous studies proposed FPGA based drivers but the quality is still limited
because of the difficulty of handling complex computations in the FPGA. Nowadays, with the improvement of FPGA
techniques, it is possible to perform various computations in the FPGA so it can be used instead of the DSP in motor
driver design. This paper presents an open loop driver based on the FPGA. This driver can perform stable, precise
control and is responsive. The experimental results verify the performance of the control driver algorithm.
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1. INTRODUCTION

Recently, stepper motors have become popular in
motion control systems because of their simplicity and
reliability. Precise positioning operation is easier by
using a stepper motor without a gear system. To control
the stepper motor, the driver can apply an open loop
control algorithm or closed loop algorithm. With
applications where load torque is stable and operations
are at low speed, an open loop driver is preferred since
it needs a simple control algorithm and an encoder is not
required.

In an open loop stepper motor driver, in order to
perform position control, the current in the phase of the
motor must be changed gradually. Therefore, the
performance of the current controller in an open loop
motor driver is important. There are 2 approaches to
control current in stepper motor drivers. The duty cycle
of switching pulse can be adjusted by using a DAC
(digital to analog converter) and analog comparator
[1-3]. Another approach is using an ADC (analog to
digital converter) and a regular sample to adjust the duty
cycle of the switching pulse [4-11]. With the first
approach, the analog comparator will determine the
state (on or off) of the switching pulse. So the control
algorithm in the microprocessor is simple. However,
with this method, the control algorithm cannot be
changed, and the flexibility and the accuracy of the
controller depend on analog components such as resistor,
capacitor, op-amp, etc. With the second approach, the
current controller samples the feedback current using an
ADC, then the digital control law is applied to adjust the
duty cycle of switching pulses. With this method, it is
easy to change the parameters of the controller and
apply digital filters. The accuracy of the current
controller can be increased by using more bits for
representing a fixed point number when executing the

control algorithm. In this approach, the control
algorithm and program become more complicated than
the first method.

The control algorithm can be built on different kinds
of microprocessors. When the open loop driver is
implemented with a DSP in the C programming
language, the coding and debugging is straightforward
[5-9]. The performance of the DSP based driver is
excellent. On the other hand, the stepper motor driver
can be implemented with FPGA and VHDL (VHSIC
Hardware Description Language) programming [1, 10-
11]. With this method, the programming and debugging
are more difficult. Because of this reason, the
performance of the FPGA based driver is still limited.
However, with the FPGA based driver with VHDL
program it is easier in ASIC manufacturing.

This paper introduces a FPGA based open loop driver.
With the current controller using a PI control algorithm
and at high sampling frequency, the open loop driver
can perform precise and fast positioning. The driver is
built on FPGA XC2V8000 from Xilinx. The
performance of the driver is checked by using an
encoder (10000 positions per round), so the speed and
position error can be monitored. The experiment results
verify the performance of the control driver algorithm.

This paper presents FPGA technology, current
controller, an open-loop driver, implementation, and
experiment results, to verify the performance of the
control driver algorithm.

2. FPGA BASED POWER CONVERTER AND
OPEN LOOP DRIVER

2.1 Overview of open loop motor driver

Fig. 1 shows the block diagram of an open loop
stepper motor driver. The open loop stepper motor
driver contains a pulse counter, sine wave LUT (look up
table) and power converter. To rotate the stepper motor,



Index LUT  Referent Current
Command Pulse l Sine wave ‘ Stepper
Pulse Counter LUT ez e Motor

Fig. 1. Open loop stepper motor driver.

the currents in the phases of the motor are controlled to
follow sine and cosine waves. In order to do this, the
command pulse is counted to get the commanded
position. And the commanded position is used as index
of sine wave LUT. The output of sine wave LUT is the
referent input to the power converter and the currents in
the phases of the motor are controlled following the
input referent. The subsequent sections of this paper
will explain in detail the design of these blocks.

Fig. 2 is the block diagram of a power converter.
There are H-bridge circuit, anti-aliasing filter, amplifier,
ADC, PI controller and PWM (Pulse Width
Modulation) generator. The H-bridge circuit is used for
switching the current in phases of the motor. The ADC,
anti-aliasing filter and amplifier are used to get the
feedback current value for the PI controller. The PI
controller will adjust the duty cycle of switching pulse
according to the current error.

2.2 H-bridge circuit and current feedback device

The H-bridge circuit (Fig. 3) contains 4 MOSFETs
and two sensing resistors [12] for each phase of the
motor. The MOSFETSs are controlled by an HIP4082 IC.
With this H-bridge circuit, the currents flow through the
phases of the motor as well as the sensing resistors Rg;
and Rgy. The voltages Vg and Vs, on the sensing
resistors provide information about the feedback current
by the relation Vg = Rgl. This voltage is amplified,
filtered and sampled to produce a digital value. This
digital value represents the value of the feedback
current.

2.3 PI controller

A PI controller is used to adjust the duty cycle of the
switching pulses. The input of the PI controller is the
current error between the referent current and feedback
current, and the output is the duty cycle of the switching
pulses. To design a PI controller, first the model of the
PWM converter is needed. The relation between the
duty cycle and output current is described below.

The circuit H-bridge circuit (Fig. 3) contains 4
MOSFETs (S, S,, S3, S4), DC voltage (V4) and the
phase of the motor (inductance Ly, and resistance Ry;).
To simplify the analysis, the BEMF (Back
Electromotive Force) in the phase of the motor is
neglected. The four MOSFETs are treated as two pairs
of switches (S;, S4) and (S,, S;). The power converter
will set one of these two pairs of switches to the ON
position. The period and duty cycle of the switching
pulse are T and D, respectively. Fig. 4 shows the duty
cycle (D) and voltage supplied to the phase of motor
Vo.
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Fig. 3. H-bridge circuit.
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Fig. 4. Duty cycle and voltage on phase of motor.

In our current controller, the switching frequency is
40 kHz (T=25 uS) and the DC voltage V4=40 V. In one
period [-T/2, T/2], when —D <t < D, pair (S, S,) is on.
When -T/2 <t <-D or D <t < T/2, pair (S,, S;) is on. In
Fig. 4, the output voltage Vo=V, when (S;, S,) is on and
Vo=-V4 when (S,, S;) is on. In this way, adjusting the
value of D allows the average DC voltage output to be
varied. The phase voltage can be summarized as (1).

-V, when —T/2<t<-D
V,(ty=4 ¥V, when —D<t<D 1
-V, whenD<t<T/2

Because Vg is a periodic function, the Fourier series
of Vo(t) is

V(t):5a0+2a cos( j Zb (27rnt] (2)

n=l1
Where

T/2
=< J' v, (t)dt = 2V,(4D-T)
7T/2 T
T/2 (3)
a :E J. V,(t)cos 2t dt
! T—T/2 T

T/2

b =2 [ Vo(r)sin(z””tjdt
T*T/2 T

In (3), the phase voltage Vo(t) contains the DC term
and harmonic terms. The frequency of the first order
term of the harmonic is F=1/T=40 kHz. On the other
hand, the relation between Vg and the phase current I
is derived using the model of the RL circuit.
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The phase of the motor is considered as a low pass
filter (4). Since the bandwidth is 271.5 Hz « 40 kHz, the
harmonic terms of the voltage have no effect on the
phase current of the motor. The phase current is
determined by the DC term of Vq. Thus, from (2) and
A3)

V,=a,/2=V,4D)/T-V,=(V,4F)D-V, >

V., =(40*4*40000)D —40.

The duty cycle D is the output of the PI controller. In
fact, the output of the PI controller is a digital value that
is compared with the value of an up-down counter for
the purpose of determining the switching moment of the
pair of MOSFETs. The up-down counter represents the
carrier wave, the max value of the counter (at T/2=25
uS/2=12.5 uS) is 1562. Therefore, to convert the value
of D from integer to time unit (seconds), the scale gain
is

)

K. =(T/2)/1562=12.5x10"° /1562 (6)
From (5) and (6)

V, = (40*4*40000)K .D — 40 —

V, = (40%4%40000)(12.5x10° /1562)D—40 — (1)
V, =(80/1562)D —40

Equation (7) shows a common result (8).

V., =(80/1562)D —40 —

40=V, whenD =D, =1562 ®)
o~ { ~40=-V, whenD=D_ =0
From (4) and (8)
1, I, B 0.5
V, (80/1562)D—40 0.003675s +1 )

_ (40/1562)D—-20  0.0256D 20
©0.003675s +1  0.003675s +1
Because the constant does not affect the stability of
the system, the phase current can be considered as (10),
without the constant factor.
_ 0.0256D (10)
0.003675 s +1
Fig. 2 shows the power converter including the
feedback loop. There is an amplifier, an ADC and an
anti-aliasing filter with cut-off frequency Fc = 30 kHz.
The transfer function of the anti aliasing filter is given

o

o

by (11).
Ty ren = 1/(27 ¥30000) = 0.00000530516 (11
G, - !
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The value of the sensing resistor is R¢=0.05 Q. The
gain of the amplifier is K = 5. The ADC is a 12-bit
signed ADC, with a maximum input of 1 V. At a phase
current of 4 A, the input voltage for ADC is

V,=I1,*R;*K =44%0.05Q*5=1V (12)

So the maximum phase current is 4 A. The output of

ADC is maximum at I, = 2'" -1= 2047 (12 bit signed
number). The gain required to convert the current from
amperes to a digital value is Kopc=2047/4. From (10)
and (11)
0.0256D 2047 1
»= X X - (13)
0.003675s +1 4 0.00000530516 s +1
13.1D
I, = 8 2
1.95x10° s* +0.00368 s + 1
The power converter is simplified as shown in Fig. 5.
With the model of power converter as in (13), a PI
controller is used for the current control loop. By using
Matlab, gains for the PI controller are selected at the
optimal value. The gains of the PI controller are given
by (14).

K, =0.002
+
G, = (s +0.002)0.97

S

Bode plot of the closed loop power converter is
shown in Fig. 6.

The PI controller will adjust the duty cycle of the
switching pulses according to the input current error.
The PWM generator receives this duty cycle and
produces the corresponding switching pulses to send to
the HIP4082 IC, in order to control the MOSFETs. With
this control scheme, the output current is controlled in
such a way as to produce the desired currents.

2.4 Command pulse counter and Sine wave look-up
table

The previous section discusses the power converter
block. To rotate the motor, the current in phases of the
motor must be controlled to follow sine and cosine
waves. The desired position is sent to the driver by a
series of command pulses. The frequency of these
command pulses depends on the desired speed. The
open loop driver uses a counter for counting the
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Fig. 5. Simplified block of a power converter.
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Fig. 6. Bode plot of PWM power converter.



command pulse. And the value of the counter is the
index of the sine and cosine look-up table to produce the
referent current of the power converter (Fig. 7).

3. IMPLEMENTATION AND
EXPERIMENTAL RESULTS

This section shows the implementation of the control
algorithms introduced in the previous sections in the
FPGA-based stepper motor driver. The experimental
results verify the performance of the control algorithm.

3.1 System configuration

Fig. 8 shows the structure of the experimental system.
The FPGA based driver includes an EzM-56L stepper
motor, an optical encoder which generates 2500 pulses
per round (10000 positions per round), and a load which
is an aluminum plate. The stepper motor, encoder and
load are provided by FAS Technology Co., Ltd. The
control algorithms are implemented on an FPGA
module XC2V8000 of Xilinx and there are discrete
devices including ADC for the other analog circuits.

Table 1 lists the electrical parameters of the driver.
The sampling frequency of the current controller is 40
kHz, also the PWM switching frequency is 40 kHz, the
supply voltage is 40 V, the phase inductance is 7.35 mH,
and the phase resistance is 2 Q, encoder resolution is
10000 positions per revolution.

Table 2 and 3 show the results of the implementation
of the open loop driver on the FPGA device. Table IV is
a summary of the utilized resources of the FPGA and
Table V is a summary of the timing of the FPGA
implementation. The maximum frequency of the input
clock is about 26.5 MHz.

3.2 Experiments results

In this section, the performance of the driver is tested.
First, an experiment was performed to check the
performance of the current control loop. Second, the
motor is controlled to follow a smooth motion.

Fig. 9 shows the referent current and feedback current
in one phase of the motor. The referent current is a sine
wave and the output current follows this sine wave. The
maximum current is 2 A. The phase shift between the
two currents is caused by the current control loop. This
result shows that the current output can follow the
desired current. This is because the position of the
motor depends on the value of the current, when the
output current is smooth, the precise position control
can be achieved. In this FPGA based experimental
system, the motor driver can perform open loop position
control with 2 pulse error when the encoder feedback is
10000 positions per round.

Index LUT
Command Position Sine wave Referent
Pulse Counter LUT ™ Current

Fig. 7. Pulse counter and sine wave LUT.
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Fig. 8. Experimental system.

Table 1 Parameters of motor driver

Parameters Value
Current controller sampling frequency 40 KHz
PWM switching frequency 40 KHz
Source voltage 40V
Phase inductance 7.35 mH
Phase resistance 2Q
Encoder resolution 10000 position/revolution

Table 2 Device utilization summary

Resources Quantity
Selected Device 2v8000ff1152-4
Number of Slices 12788 outof 46592 27%
Number of Slice Flip Flops 6721  outof 93184 7%
Number of 4 input LUTs 21682 outof 93184 23%
Number used as logic 21457

Number used as Shift registers 225

Number of I0s 176
Number of bonded IOBs 173 out of 824 20%
Number of MULT18X18s 64 out of 168 38%

Table 3 Timing summary

Resources Quantity
Minimum period 37.468ns (26.689MHz)
Minimum input arrival time before clock 13.688ns
Maximum output required time after clock 10.794ns
Maximum combinational path delay 8.175ns

Fig. 10 shows the currents in the 2 phases of the
motor when the motor is controlled at a constant speed.
Thus, the currents in the 2 phases follow a sine wave
and shift in phase by an electric angle of 90 ° (this is a
cosine wave). The maximum current is 2 A.

Fig. 11 shows the commanded speed and feedback
speed of the motor. In this case, the maximum speed is
400rpm and acceleration and deceleration time is equal
to 100ms. With a smooth motion, the commanded speed
is changed following a smooth profile. The feedback
speed shows that the motor can follow the command
speed.

Fig. 12 shows the position error of motion. When the
motor moves at max speed (400rpm) the position error
is a maximum of about 45 micro-steps, with this max
error, the rotor lags the command position by about 1
full-step, in this condition, generated torque is at
maximum. And the maximum speed of the open loop
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driver is almost reached. When the motor is moved, it
generates BEMF, and the phase currents are reduced.
Hence the maximum speed of the open loop driver is
limited.

4. CONCLUSION

This paper presented an open loop stepper motor
driver using a FPGA. The model of the current
controller is described and gains of the PI controller are
selected at optimal values. In this design, the FPGA is

used to build a high performance open loop driver
without using a DSP; furthermore it is compatible with
ASICs and mass production methods. The experimental
results verify the performance of the driver.
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