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Abstract—This paper presents a digital signal processor
based control of an AC/DC converter with nearly unity power
factor. Normally, the output voltage of a single-phase AC/DC
converter comprises a voltage ripple with twice line-frequency.
This affects the voltage control loop and leads to the converter
input current distortion. The purposed method is designed to
avoid the effect of the output voltage ripple. To verify the
proposed control method, MATLAB/Simulink is used for
system simulation. A hardware prototype is setup. A low cost
digital signal processing chip dsPIC30F4011 is employed as a
digital controller to control a CUK AC/DC converter. The
converter specifications are 48V output voltage and 250W
output power. From the simulation and the experimental
results shown that the input current distortion of the purposed
system is reduced and lower than the AC/DC converter that
controlled by the conventional proportional-integral controller.

Index Terms—AC/DC converter, converter, digital control,
digital signal processing chip, power factor correction

I. INTRODUCTION

From the harmonic problem in utility system, the limit
current of each harmonic order of load current has been
defined in an international standard harmonics regulation.
Electronic equipment which consists of a rectifier circuit is
an example of the equipment that draws harmonic currents
from the AC line. Therefore the AC/DC converters with
power factor correction [1]-[7] were proposed to minimize
the harmonic currents. By flexible of using a programmable
devices such as a microcontroller, a microprocessor, a field
programmable gate array (FPGA) and a digital signal
processor (DSP) as a digital controller, then the power
converter that controlled by the digital controller has many
advantages over the converter controlled by an analog
circuit. The control algorithm in a digital controller can be
easily changed or updated to increase the performance of the
converter by reprogram the programmable memory of the
digital controller. Moreover the modern microcontrollers
and digital signal processors usually have a built in
communication port that can be used for a supervisory
control or a system monitoring purpose [8].

Generally the output voltage of the power factor
correction (PFC) circuit does not contain only a pure DC
voltage but it also has a double line frequency voltage ripple
at the output. From the concept of the multiplier based PFC
circuit as in [9], the control loops are an input current loop
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and an output voltage loop. The output voltage loop is used
to control the output voltage to a desired level and the inner
current loop is used to control the input current of a PFC
circuit to follow a rectified line voltage waveform for a high
power factor purpose. The output voltage control loop
should be designed to have a closed loop bandwidth about
10 to 20 Hz for a low input current distortion of the AC/DC
converter, then the voltage loop transient response is slow.
Many solutions were proposed to improve only the dynamic
response of the AC/DC converter. The digital notch filter
[10] has been implemented to filter the voltage ripple from
the feedback signal that sent to the output voltage controller.
The dead zone digital controller [11] has been presented. By
using the dead zone digital controller, the voltage control
response can be improved. However the self adjustable dead
zone controller should be used for light loads condition then
the computation time is increased. By using the load current
injection [12] and a method that is called a power balance
control technique [13], a fast response in output voltage
control can be achieved. The effect of a voltage control loop
to the input current harmonic distortion has been discussed
in [14]. However, only the relation between a compensated
system crossover frequency and the input current distortion
was presented.

This paper presents a low cost DSP based control
implementation of a high power factor AC/DC converter
using a digital proportional — integral (PI) controller with an
average output voltage measurement that used to eliminate
the effect of the output voltage ripple in the output voltage
control loop. Therefore the input current distortion can be
minimized. If the complex calculation is not required, the
low cost DSP can be used and the remaining time of DSP is
used for some communication task. The remaining of this
paper is organized as follows. Section Il, the over all of
implemented system and the output voltage sampling
method are introduced. The transfer function and controller
design is shown in section Ill. The simulated results and the
experimental results are shown in section IV and V
respectively. Finally the conclusion is presented in section
VI.

Il. THE PROPOSED SYSTEM AND SAMPLING METHOD

Fig. 1 shows a block diagram of the proposed system.
The power circuit consists of a CUK topology based AC/DC
converter and a diode bridge rectifier. The inner current loop
controller of the PFC circuit is an analog hysteresis circuit
that used to control the input inductor current to be track the
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rectified line voltage waveform. The output voltage
controller is implemented on a dsPIC30F4011 DSP of
Microchip. The block ZCD is a zero crossing detector
circuit that used to detect a zero point of input line voltage
waveform. The output signal of the ZCD circuit will be
changed from a low level logic (OV) to a high level logic
(5V) at zero crossing point of input line voltage and this
signal is used to interrupt the DSP by send a signal from the
ZCD circuit to an external interrupt INTO pin of
dsPIC30F4011. After DSP is interrupted, the interrupt
service routine (ISR) is active and the software in INTO ISR
is executed to clear a variable of software counter block.
The software counter is a variable that defined in a control
program of DSP. The value of software counter is increased
by one every 200 microsecond that time interval is
generated by using a timer interrupt of dsPIC30F4011. The
timer ISR is awaked at every 200 micro second, therefore a
value of software counter is equal to 50 at 180 degree of an
AC line voltage waveform. By above mechanism, the output
voltage of an AC/DC converter at zero crossing point of AC
line can be sampled. The CUK topology is chosen because
of there are inductors at the both end of the circuit, therefore
the input and the output current can be continuous. From the
PFC power circuit as shown in Fig.2 an isolation
transformer is used to isolate between load and the AC line.
The power converter is designed to operate in a continuous
conduction mode (CCM) by the calculation method that
presented in [15].

If » is an efficiency of the converter, the average power

can be defined as in (1), and the instantaneous power is
expressed as in (2) if voltage and current are in-phase.

Pout t)y=n#- Pin ) @
Pout (t) =177V sin(at) - I sin(at) (2)

Where \7g and fs are peak input voltage and current of

the converter respectively, and 7 is efficiency of the
converter. Therefore the output power can be written as in
Q).

Pout (t) =77V - I5(L—cos(2at)) (3)

Where \7g and I,are rms value of input ac line voltage

and current. By the power balance concept, the output
inductor current i, can be written as in (4), whereV, is an

average output voltage. The inductor current in (4) is
composed of a DC current that is a load current and a
sinusoidal part that is a capacitor currentic, (t) . Therefore

the output capacitor current is written as in (5). The output
capacitor current is the current that causes a ripple in output
voltage and the output voltage ripple can be obtained by
integrating the output capacitor current in (5). The output
voltage ripple is written as in (6).

i, (t) = #(1— cos(2at)) = I, —#COS(ZM) @)
e = T2 cos(zat) (8)

(=]
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Figure 2. Power circuit of a CUK AC/DC converter

The output voltage ripple ( Vg ) as in (6) shows that

the ripple frequency is running at twice line frequency. The
simulated waveforms of the AC line voltage and the output
voltage ripple can be drawn in Fig. 3. Therefore the average
output voltage can be measured by reading the output
voltage at the zero crossing point of the AC line voltage. In
the proposed system, the average output voltage Vo, can

be read by using a zero crossing detector circuit, an external
interrupt INTO and the timer interrupt of the dsPIC30F4011.
By using the proposed sampling method, the output voltage
ripple can be eliminated from the output voltage control
loop.

I1l. TRANSFER FUNCTION AND VOLTAGE LOOP DESIGN

This section shows step to find a system transfer function
of the output voltage control loop and after that the
controller parameters are calculated by using frequency
response method. At the output node of the CUK AC/DC
converter in Fig. 2, the current equation at the output node
can be written as in (7).

. dv, .
i, =Co d_tOHO (7)
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Figure 3. The simulated waveforms of input voltage,output voltage ripple,
output of the ZCD circuit and value of software counter

Software counter

By power balance in a half line cycle between input and
output of the AC/DC converter, the output inductor current
and the input inductor current can be written as in (8) and
(9).

i) Ve = iy -V ® :\Ll :m ©)
V2 Vq

From the block diagram as shown in Fig. 1, the
magnitude of the input inductor current command is
obtained from the output signal of the output voltage
controller. After that the magnitude of inductor current
command is multiplied by an absolute sine wave that
synchronized to the rectified line voltage. The obtained
signal from multiplication is used as the input inductor
current commandi . . A Pl controller is chosen as a

voltage loop controller, the continuous-time transfer
function is shown in (10).
K
Ge(s) =Kp+—+ (10)
S

Where Kp is a proportional gain and K, is an integral gain
of the controller respectively. From (7)-(9), the perturbation
is applied and using small signal approximation method.
The results are shown in (11)-(13).

iL2 — iLoad (11)

V. =

°©  Cgs

~ vV, = I ~ I, ~

o, =——— 1, +—=L—V —L2.y (12)
L2 \/EVO L1 \/EVO g Vo (6]
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L1 \79 (0] Vg Load \/E\Tg

From (11)-(13), the small signal variables are the
variables with '~' and the variables with '-" are the steady
state value. From (11)-(13), the block diagram can be
drawn. Using the block diagram reduction method as in the
classical control theory, the transfer function of output
voltage to the output voltage command can be written as
shown in (14).

W G (s)V,

\70ref B \/E\TOCOS + kIGC (S)\Tg

-V, (13)

(14)

Where k;is the output voltage feedback gain that used to
attenuate the output voltage to an appropriate range for A/D.
From (14) the open loop transfer function is written as in
(15). A required phase margin 6 and a crossover
frequency f. of the compensated system are defined, after
that by the frequency response method, a phase value of the
controller 6 and gains of the controller can be obtained
from (16)-(18).
kaV g

Gp(s) = m (15)
(90" ~Gg)-7
T 19
_ cos(fc)
P G (17
K _sin(6c) - 2A4¢ (18)
I Gpo

WhereGpg is a magnitude of an open loop transfer
function G (s) at the crossover frequency f. . The obtained

gains of the controller are used to calculate a control signal
u(n) by an approximated equation of an analog controller as

in (19).

n
u(n) =Kp -e(n) + K, -TSZe(n)
k=1
Where e(n) is an error signal, T is a sampling time period.

(19)

IV. THE SIMULATION RESULTS

To verify the proposed system, MATLAB/Simulink is
used to show the transient and the steady state performance
of the CUK AC/DC converter. The AC/DC converter model
is written in MATLAB/Simulink by using the average
model. For the controller that implemented on a software
simulation, the control algorithm is written in m file as a
user defined function of MATLAB/Simulink. The code in
that m file can be adapted in to a C language code format for
controlling the DSP chip. The parameters of the converter
that used in the simulation and the experiment are shown in
Table 1. The proportional gain and the integral gain of the Pl
controller are calculated for the compensated system has

70° of phase margin with 15 Hz crossover frequency. The
controller gain Kpand K, are 3.6 and 123.7 with
200 s sampling time period.
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A. Transient Response

To show the dynamic performance of the proposed
system compare to the CUK AC/DC converter controlled by
the PI controller with a conventional sampling method, the
proposed system is tested by step load at 100 W to 200 W
and change back to 100 W. The simulated transient
responses from using the conventional sampling method are
shown in Fig. 4. The settling time when step load from 100
W to 200 W is about 100 ms and the overshoot of an output
voltage is 2.739%.

Fig. 5 shows the simulated transient performance of the
CUK AC/DC converter controlled by a PI controller with
the nearly average output voltage measurement. The load
condition of the simulated result in Fig. 5 is as same as the
load condition that used in a simulation of the CUK AC/DC
converter that controlled by a conventional Pl controller.
The transient responses in Fig. 4 and Fig. 5 are not
significantly different.

B. Steady State Response

In this section the simulated steady state performance of the
CUK AC/DC convertor that controlled by a Pl controller
with the conventional sampling method and the proposed
scheme has been compared. Fig. 6 shows the input voltage
and input current waveforms of the CUK AC/DC converter
that controlled by a conventional PI controller at 200 W load
power. The input current harmonics spectrum of Fig.6 is
shown in Fig. 7. With 50 W load power the input current
and voltage of the converter is shown in Fig. 8 and the input
current harmonics spectrum of the converter is shown in
Fig. 9. From these results, the CUK AC/DC converter
controlled by a conventional Pl controller has a higher input
current distortion at a light load condition. By the proposed
method, the same load conditions as the previous simulation
are applied, the results are shown in Fig. 10 and Fig. 11 for
200 W output power.

TABLE I. THE CUK CONVERTER SPECIFICATIONS
Input Voltage 220V /50 Hz
Output Voltage 48V
Power 250 W
Ci=C, 0.68 4 F
Ly, L2 5 mH,1 mH
Co 23600 4 F
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Input inductor current (A)
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Figure 4. The simulated transient response of the CUK AC/DC converter
with conventional sampling method

ul
]

34
=}

T

|

|

|

|
i

|

|

|

|

|
+

|

|

|

|

|
T

|

|

|

|
s

o
=

Output voltage (V)
'y
[e-]
|
|
|
|
|
|

IS
ob

=

IS

N
T
|
|
|
|
)
[
|
|
|
|

4
|
|
|
|
|

Load current (A)
)
o
=

Input inductor current (A)

Time (s)

Figure 5. The simulated transient response of the CUK AC/DC converter
with measured an average output voltage

4 T T T

- = + - = = i
Input current (LA/div
| | |

1
072  0.725
Time (s)

I I
071 0.715

-4
0.7  0.705

Figure 6. Input voltage and current at 200 W load power of the CUK
AC/DC converter controlled by a conventional Pl controller



Volume 11, Number 2, 2011

Advances in Electrical and Computer Engineering

_
=
)
<
2
IS
5]

InPut curr

e e e

0.05

003 -+ -F-
0.015F -+ -} -
0.0 ~-+-f-

(V) aun) soluoweH

0.385 0.39 0.395 0.4

0.38
Time (s)

900 1000

800

200 300 400

100

Frequency (Hz)

Figure 10. Input voltage and current at 200 W load power of the CUK

AC/DC converter controlled by a proposed scheme

Figure 7. The harmonic spectrum of the input current of Fig. 6
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Figure 11. The harmonic spectrum of the input current of Fig. 10

Figure 8. Input voltage and current of the CUK AC/DC converter

at 50 W load power controlled by a conventional PI controller

|
1
1.01  1.015 1.02 1025 1.03 1.035 1.04
Time (s)

1.005

T

|
0o ? 00000
700 800

")

Q o

0.05

0.025 |-+~ - -

(W) 8.1nD sotuowleH

1

1000

900

600

00

5

400

200

00

Frequency (Hz)

Figure 12. Input voltage and current at 50 W load power of the CUK

AC/DC converter controlled by a proposed scheme

Figure 9. The harmonic spectrum of the input current of Fig. 8
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Figure 13. The harmonic spectrum of the input current of Fig. 12

The input voltage and current waveforms of the CUK
AC/DC converter that controlled by the proposed scheme
operated at 50 W output power are shown in Fig. 12.While
the harmonic spectra of the input current is shown in Fig.
13. From Fig.10-Fig.13, it can be seen that the AC/DC
converter controlled by the proposed method offers lower
input current distortion than using the conventional digital
P1 controller even in light load condition.

V. THE EXPERIMENTAL RESULTS

The experiment was setup to verify the proposed
concept. The power converter and controller parameters that
used in the experiment are the same as the parameters in the
simulation. The dsPIC30F4011 digital signal processor is
used as a digital controller to control a CUK AC/DC
converter. To compare the performance of the converter
controlled by a conventional digital controller and the
proposed method, the transient response is evaluated by
measure the output voltage, load current and the input
inductor current at step load condition. The input inductor
current and load current were measured by using current
probes and the signals from current probes are connected to
the digital oscilloscope model DSO6014A of Agilent
Technologies. To evaluate steady state response, the input
current of the AC/DC converter was measured and compare
to the line voltage. Moreover the harmonic spectrum of the
input current of the converter was also measured by using
the FLUKE 43B power quality analyzer. All of waveforms
were captured and sent to a personal computer via USB port
of the oscilloscope and the power meter.

A. Transient Response

As the simulation results, the dynamic response of the
converter in the experiment at step load condition are
shown. The load condition is step from 200 W to 100 W and
back to 200 W again. Fig. 14 shows the output voltage, load
current and input inductor current of the CUK AC/DC
converter controlled by a conventional digital PI controller.

By the same load condition as the result in Fig. 14, the
dynamic response of the converter controlled by a digital Pl
controller with an average output voltage measurement is
shown in Fig. 15.
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Figure 15. Transient response of the CUK AC/DC converter contri by
the proposed scheme

From the results in Fig. 14 and Fig. 15, the AC/DC
converter controlled by a conventional controller has a less
overshoot than the converter controlled by the proposed
method. However by using the proposed method, the
settling time of the output voltage response is less than the
settling time of the converter controlled by the conventional
controller.

B. Steady State Response

To evaluate the steady state performance, the input
current and input line voltage were measured and the
harmonics spectrum of the input current of the converter is
also measured to show the input current harmonics of the
converter. The result showed that the harmonic content were
reduced by using the proposed method. The input current
and input voltage of the AC/DC converter that controlled by
the conventional method are shown in Fig. 16 and Fig. 18.
In contrast, the input current and voltage of the converter
control by the proposed method are shown in Fig. 17 and
Fig. 19. The harmonic spectrums of the input current
converter as shown in Fig. 16-19 are shown in Fig 20-23
respectively. It can be seen that the total harmonic distortion
of input current was reduced by using the proposed control
method, as summarize in the Table II.
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Figure 16. Input voltage and current at 200 W load power of the CUK
AC/DC converter controlled by a conventional Pl controller
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Figure 18. Input voltage and current at 50 W load power of the CUK
AC/DC converter controlled by a conventional PI controller
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Figure 20. Harmonic spectrum of the input current at 200 W using
a conventional digital PI controller
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Figure 17. Input voltage and current at 200 W load power of the CUK
AC/DC converter controlled by a proposed method
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Figure 19. Input voltage and current at 50 W load power of the CUK
AC/DC converter controlled by a proposed method
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Figure 21. Harmonic spectrum of the input current at 200 W using the
proposed method
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Figure 22. Harmonic spectrum of the input current at 50 W using a
conventional digital PI controller

HARMOHICS

E THD

0254,
19

14
5'1']3 Hz
0253n

938 wr

O«

41|»

15 9 1317 21 25 29 33 37 41 45 49

BACK RECALL W @D

Figure 23. Harmonic spectrum of the input current at 50 W using the
proposed method

TABLE II. THE TOTAL HARMONIC DISTORTION OF INPUT CURRENT OF
THE AC/DC CONVERTER
%THD of input current of the converter
Load power
W
W) Proposed method Conventional method
50 6.5 16.7
200 5.6 10.8

VI. CONCLUSION

The DSP based control implementation of the CUK
AC/DC converter has been presented. By using an external
interrupt and internal timer interrupt of dsPIC30F4011 and
the zero crossing detector circuit, the nearly average output
voltage can be sampled. Therefore the effect of an output
voltage ripple to the output voltage loop control is
eliminated. To verify the proposed method, the simulation
and the experiment has been setup. The transient and the
steady state response with the same load condition of the
CUK AC/DC converter controlled by the proposed method
has been compared to the CUK AC/DC converter that
controlled by the conventional digital PI controller using the
conventional sampling method. From both simulation and
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the experimental results, the proposed method has a
dynamic response of the output voltage control as fast as
using the conventional controller. However, by using the
proposed method, the PFC circuit has a lower input current
harmonics than the converter that controlled by the
conventional controller even at a low output power
condition. The THD of the input current without using the
input line filter circuit at load 50 W and 200 W are 6.5% and
5.6% respectively.
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