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Abstract—The main objective of this paper is to present
practical digital implementation of Proportional Resonant-
based-single phase current controller for low-cost Digital Signal
Controllers (DSCs). In this work, the PR controller was
developed by using a 16-bit fixed-point arithmetic with Q15 data
format, and the codes were embedded in a low-cost 16-bit DSC
to contrel 50 Hz AC current of single-phase inverter systems.
Although the PR controller is implemented digitally, the
designed processes of the PR current controller in this paper are
served in continuous model. The discreet model than derived by
using a simple backward difference approximation. To be easily
adopted in different size of single-phase inverter systems, all the
state variables and its parameters of the PR controller are
represented in Q15 number format and manipulated in the same
data format. Experimental and testing results show the
effectiveness of the proposed digital implementation technigue
of the PR current controller.

Keywords—fixed-point arithmetic, backward discretization,
proportional-resonant control, single-phase current controller,
single phase inverter systems,

I. INTRODUCTION

Single-phase AC current control systems are widely used
in many inverter applications. In many cases, the single-phase
current controller could be found in the inner loop of the
single-phase power systems such as in high performance
single-phase UPSs [1][2], grid-tied inverter systems [3][4],
active filters [5], etc.

Up to now, various single-phase AC current control
strategies have been proposed by some researchers. Due to its
simplicity and at the same time have a fast-transient response,
hysteresis-based control strategies or its variance [6-8]
probably is one of the popular strategies which could be
adopted for controlling single-phase AC current. However,
due to its nature, this control strategy generally in practice will
generate unacceptable harmonics

Another simple control strategy that could be used for
controlling single-phase AC current is a conventional
proportional plus integral-based [@ntrol method [9]. This
control system is widely adopted in the control process with
constant reference, however, for the plant with time-varying
signal reference such as in AC current control systems, this
strategy will suffer from the steady-state error.
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To overcome the weaknesses of the hysteres§BJand
conventional PI control strategies, several advance control
strategies for controlling single-phase AC current have been
proposed in the literature, such as model predictive control
[10], sliding mode controller [11], repetitive control [12],
Discrete Fourier Transform [13], synchronous d-q reference
frame method [14] even Neural network-based cwrent
controller [15]. Although these control strategies offer
advantages compared with conventional ones, however from
the control point of view, these strategies are less intuitive and
relatively hard to be implemented.

Due to its good performances mainly in the steady-state
response and relatively easy to be implemented, a single-
phase current control strategy that probably most be adopted
in practice is a proportiial resonance (PR)-based controller
[16-19]. Different from the conventional PIntroller which
only has a high gain in low-frequency input, the PR controller
has a high gain in a certain selected input frequency, so this
controller is very appropriate for controlling a plant output
with a time-varying sinusoidal signal reference.

Although the PR controller and its variances have been
discussed a lot in the literatures. But, many of them ignore the
presentation of the practical implementation aspects of the
congigller.

The main objective of this paper is to present practical
technique of digital implementation of single-phase AC
inverter current Proportional-Resonant (PR) control. To be
computationally efficient, the PR current controller is
developed by using a fixed-point arithmetic-based fast
computation technique, and the controller is embedded in a
low cost 16-bit wide fixed-point digital signal controller. In
this work, the designed PR algorithm is implenfghted to
control 50 Hz AC current of a single-phase inverter system.

The remaining of this paper is organized as follows.
Section 2 describes the complete system model. The short
theory of the 16-bit fixed-point number in Q15 format will be
introduced in Section 3. While, the practical technique
digital realization of the PR controller will be discussed in
Section 4. &xt, in Section 5, the experimental results will be
presented. Finally, the conclusions are drawn in Section 6.
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I g{STEM MODEL
Fig 1. Shows the simplified topology of the single-phase
inverter current controller under study. In this case, PR and
SPWM blocks respectively denote Proportional-Resonant
controller and Sinusoidal Pulse Width Modulation which
generally implemented as software modules in Digital Signal
Processor or microcontroller-based single-phase AC inverter

control systems.
Inverter system
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Fig.1. Simplified block diagram of a single-phase current control
system

A. Proportional-Resonant Controller

One of the popular controllers suitable for tracking a
sinusoidal wave reference is the Proportional-fBsonant
controller. Unlike a conventional PI contrdflbr that only has
high gain in a low-frequency input signal, the PR controller
could have high gain in a certain frequency input signal. With
this inherent characteristic, the PR controller is suitably used
for controlling systems with time-varying control references
sucpis AC signals.

Mathematically, the transfer function of the PR controller
could be represented as shown at eq. 1 [20].

Upr(s) 2Kpwes
=B = —_rc
Hpr(s) e(s) P 242w 5+wy? M

Where U dan e respectivelffare ut and error input

signal of the PR controller, K, and K. respectively are

proportional and resonant gain of the controller, whereas ey 1s
the  resonant  frequency, andw.is a  cut-off
frequency that reflects the ability of the PR controller to track
inpgasignals in real-time.

The performance of the PR controller practically is
determined by the proper values of its parameters. Fig. 2 until
Fig4 show bode plots of the PR control transfer function
givenin (1).

From the plot of Fig. 2, it is shown that the proportional
gain (Kp) of controller directly influences the magnitude of
the output signal for a wide range of input signal frequencies.
Increasing the proportional gain will increase the magnitude
of the signal for all band frequencies.

Whereas from Fig. 3, it is clear that the higher gain of

resonant (K,), the magnitude of the frequency around the
resonant will be higher. The PR controller with high gain

resonant gain will have more capacity to eliminate the steady-
@Rt crror. The higher of magnitude at the around frequency,
the tracking capability of the controller igbetter.

Finally, from Fig. 4 one can see that the cut-off frequency
(@) of tl'a controller directly influence bandwidth. The
smaller of the cut-off frequency , the frequency band will be
narrower and the system more sensitive to frequency variation
and vice versa.
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Fig.2. Frequency response of PR controller for my=2r50rad/s m.=1
rad/sec, K,=20, and several variations of K

Bode Diagram

i i i
10° 10 10 10° 10' 10°
Frequency (radisec)

Fig.3. Frequency response of PR controller for wo=2n50 rad/s we=1
rad/sec, Kp=1, and several variations of Kr

Bode Diagram
50 T

Wagnitude (dE)
')_.
T

Phase (deg)

g1t
10° 1 10° 10° 10' 10
Frequency (rad'sac)

Fig.4. Frequency response of PR controller for w0=2a50 rad/s,
Ep=1, Kr=100, and several variations of wc




B. Single-Phase Inverter mcticaf Model
Fig. 5 shows a general topology of a single-phase inverter
system under study.
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Fig. 5. Single phase inverter system

By using the Kirchhoff voltage law, the current dynamic
of the inverter circuit at Fig.5 could be represented as shown
in(2)

di .
Vinw = L=+ Ri (2)
dt
In this case, the inverter output voltage itself
mathematically could be written as shown at (3)
Ving = Vg — Vp [3]

here v, and v}, respectively are the average voltage of
per switch of the inverter leg A and the average voltage of

lower switch of the inverter leg B. In inverter system, these
two voltages basically depend on the duty cycle or average
value of the comparator output pulse signal: ¢, and gy as
shown at (4) and (5).

Vg = davdc (4]

vy = db Vdf (5]

In this B8 d. and d, respectively are average value of

g, and gy, or the duty cycle of the comparator outputs (PWM
signal).

These input - output relations of the comparators
mathematically could be represented as shown at (6) and (7).

da = I Uct (6]

dp = iub (7

Where N is maximum value of carrier signal (in
microcontroller based PWM), N actually is a integer number
associated with the certain PWM register), whereas U, and
U, respectively are input comparator A and comparator B.
From (5) and (6), for input U, and U, with the range [0 N],
the duty cycle of d. and d» will have value in the range [0:1].

Now, by substituting (6) and (7) into (4) and (5), then (3)
could be written as shown at (8).

1
Viny = EVdc(Ua = Up) (8)

In feedback control system (like PR based controller), the
U, signal practically derived directly from controller output
up- which generally have normalized output range [-1:1].
Whereas U} signal could be obtained by inverting the u,,
signal. Fig 6. and Fig.7 respectively show the signal flow
diagram of the control system and the mathematical relations
of U, vs tp and Uy VS .
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Fig. 6. Control signal flow diagram

oA
Us =0.5N(-t1,)+0.5N U, =0.5Nu,+0.5N
5N
o 0 1 Uy

Fig. 7. Relation between U vs upe and Us vs wipe

Based on Fig.7 the relation between controller output
(up) and comparator input signals could be written as
depicted at (9) and (10).

U, = 0.5Nu,, + 0.5N (9)
Uy = 0.5N(=u,,) + 0.5N (10)

By substituting (9) and (10) to (8), the relation between
the inverter voltage output with signal control can be
represented by (11)

Vinw = Vdcupr (11)

So now, the dynamic of inverter current due to the change
of the control signal output could be represented explicitly by
substituting (11) into (2):

Vaettyy = LY + Ri (12)
depr — dt

By using Laplace transform, the relation of the inverter
current with controller output now could be written:

1s) _ (Vae/R)
T Upe(s) | (L/R)s+1 (13)
For convenience we can also write this transfer function in
per-unit variable as shown at (13)
Ipuls) — 1

Vel (R)
14
Upr(s) [ ]

Base_| (L/R)s+1

III. 16-BIT FIXED POINT ARITHMETIC USING Q15 DATA
FORMAT

Practically, for the small embedded system application
based on fixed point arithmetic, the fixed-point number
format that is commonly used is the Q15 format. Using this




fixed-point format, real numbers (floating point type) with a
range of values between -1: 0.9996 are mapped to signed int
numbers with a range of values between -32768: 32767.

In this data format, every real number z between [-
1:0.9996 (~1)], could be represented in Mantissa-Exponent
format as shown at (15)

z=M(271%) (15)

Where M is the mantissa of the real number with the range: -
32768: 32767, whereas 27 1% is exponent or scale factor of the
fixed-point number.

A. Q15 Format Multiplication

Multiplication of two fixed point numbers is done by
multiplying the two numbers and adding the two scale
factors. The following equation 6.10 shows the multiplication
of two real numbers in Q15 format.

z = z,x2, = MyxM,(27%%)

(16)

Multiplying the two signed integer number M1xM2 above
will produce 30 bits integer number plus two signed bits. So
in order the results to be stored again in the 16-bit variable,
the result should be shift 15 bit to the right as shown at (17).

z = z,x2, = (M;xM,) >> 15)(2715) (17
B. Q15 Format Addition/Subtraction

The main requirement for addition / subtraction of the
fixed-point variables is the scale factor of the two numbers
must be the same. Eq. (18) below shows the addition/
subtraction of two real numbers in the Q15 data format.

2=z dzy =(M £M,)277) (18)

However, differ from the multiplication result, the
addition of the two fixed-point numbers practically could
result overflow bit. So, to avoid the overflow result, the
saturation technique as shown at Fig.8 could be applied to the
fixed-point addition/subtraction.

Fig. 7. Saturation

technigue
addition/substraction to hinder overflow

applied to the fixed-point

IV. PRACTICAL DIGITAL REALIZATION OF PR CONTROLLER

In this section, the discussion of practical techniques for
implementing the PR controller digitally will be delivered.

By applying the backward difference approximation to
Resonant Controller in (1), the output dynamic of the resonant
controller could be represented as shown at (19)

up(k) = asu(k — 2) + ayu(k — 1) + bye(k — 1) +

boe (k) (19)
Where
1
% = T wTrarT 2D

(242 ,T)

g =—5= 22
L 420 T+w T? (22)
ZKrw.T
by = ———"—— (23)
142w T+wy2T?
2Krw, T
by=—-b =——F— 24
0 1=y T+ewy2T? (24)

By refer to (19), the block diagram of the resonant

controller could be depicted as shown at Fig.8.
Ur k)

Ur (k-2
Fig. 8. Block diagram of the resonant controller

Based on (19), it is clear that the operation of the
controller basically just involved two arithmetic operation:
four multiplications and three additions.

Due to the controller will be implemented arithmetically
by using fixed point arithmetic with Q15 data format, we
should care with the values of the resonant controller
parameters: az, ay, by, and by. In the case, we should guarantee
that for easiness of the implementation of the fixed-point
multiplication, the real value of the constants should be in the

range [-1 :D,an()[rw 1)].

By analyzing the paraBters of the digital PR controller for
T=0.0001 s, ey =2n50 rad/s, w. =1 rad/s with K, in the range
0 until 5000, the output resonant controller practically could
be rewritten as shown at (25).

up (k) = ayulk —2) + (ay /2)ulk — 1) + (ay/2)ulk -
1) + bye(k — 1) + bpe(k)
(25)
And finally, by combining the resonant controller output with
the proportional controller output, the output of the PR
controller could be computed by using (26).

upr(k) = Kpe(k) + up (k) (26)

Fig. 9 shows the complete block diagram ofthe PR controller
by using 16-bit fixed-point Q135 data format which proposed
in this works.

The output of the PR controller than normalized by using
(9) and (10) before sent to the input channel of the PWM
comparator.

Upr (k)

Fig. 9. The complete block diagram of the PR controller which
implemented in this work




V. EXPERIMENTAL RESULTS

To test the performance of the developed PR controller,
we have built single-phase inverter system prototype to drive
LR circuit as shown at Fig.10. The hardware used in this work
is a low-cost 20 MHz 16-bit DSC dsPIC30F4011.

The PR controller is updated every 0.0001 second, and
the controller output is sent to double slope PWM channels
with 20KHz carrier frequency. Table 1 and table 2
respectively show the parameters of the circuit and the PR
controller used in this works. For the PR controller

parameters list in Table 2, the PR constants used in the code
is shown at Table 3.

Fig. 10. Experimental setup of single-phase inverter

Table 1. The inverter system Paramaters

Parameter value
Vad V) 350
R (ohm) 50,100
L(H) 0.04
Table 2. The PR controller Paramaters
Parameter Value
Kp 0.8
K, 2000
[ 1
Wy 314

Table 3. The constans of PR controller based on Table 2 (T=0.0001

The PR controller constants Value
az 0.9988
ail 1.9978
by -0.3995
by 0.3995

2

g this experiment, we generate 5@Hz current reference
by using 256 bit-wide look up table. The magnitude of the
current reference could be varied by turning potentiometer
connected to the integaal ADC of the DSC.

To test the PR controller performance, we have tried
several values of the current reference magnitude and loads.
Fig.11 until Fig. 14 show tracking capability of the PR
controller with the different reference magnitudes and loads.
In Fig. 11 and Fig.12, the load is set to 50 Ohm, with the
sinusoidal current reference magnitude respectively about 1
Aand 1.5 A, whereas in Fig 13 and 14, the load is set to 100
Ohm, with the sinusoidal current reference magnitude
respectively about 2 A and 2.0 A. From all the figures, the

controller output could track thef{§0 Hz current references
almost perfectly, there are almost no delay nor a steady state
error for all the inverter current output.

From Fig. 15, we also can see that with 20 MHz PWM
carrier frequency, the current output ripple could almost be
ignored. The performance of the developed current controller
also can be seen from Fig. 16. By using varying current
reference magnitude, the current output could track the
reference instantly.

Fig. 11. The reference (yellow) and the actual current (green) of the
inverter

e

C
Freq
S0.06H:

inverter

Fig. 13. The reference (yellow) and the actual current (green) of the
inverter

Fig. 14. The reference (yellow) and the actual current (green) of the
inverter




Fig. 15. The reference (yellow) and the actual current (green) of the
inverter
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Fig.n. The tracking capability of the controller: The reference (red)
and the actual current (blue) of the inverter

VI. CONCLUSION

The practical technique of digital implementation of
Proportional Resonant-based single-phase current controller
in the low-cost DSC have been presented. In this work, all the
state variables of PR controller are represented and
manipulated by using 16-bit fixed point with Q15 data
format. Although the DSC hardware specification in this
work is relatively low (just 20 MHz wigliking frequency),
however by refer to experimental results, the performance of
the implemented PR controller is satisfactory. From the
oscilloscope output, wdffban sce that the inverter current
output could track the reference almost perfectly with no
delay nor stedf} state error. In the future work, we will
investigate the performance of the PR controller for the single
phase grid tied inveﬁr.
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