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PR Controller Based Current Control Scheme for Single-Phase
Inter-Connected PV Inverter
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Abstract Nowadays, the PV systems have been focused on the interconnection between the power source and
the grid. The PV inverter, either single-phase or three-phase, can be considered as the core of the whole system
because of an important role in the grid-interconnecting operation. An important issue in the inverter control is
the load current regulation. In the literature, the Proportional+Integral (PI) controller, normally used in the
current-controlled Voltage Source Inverter (VSI), cannot be a satisfactory controller for an ac system because of
the steady-sate error and the poor disturbance rejection, especially in high-frequency range. By comparison with
the PI controller, the Proportional+Resonant (PR) controller can introduce an infinite gain at the fundamental ac
frequency; hence can achieve the zero steady-state error without requiring the complex transformation and the
dg-coupling technique. In this paper, a PR controller is designed and adopted for replacing the PI controller.
Based on the theoretical analyses, the PR controller based control strategy is implemented in a 32-bit fixed-point
TMS320F2812 DSP and evaluated in a 3kW experimental prototype Photovoltaic (PV) power conditioning
system (PCS). Simulation and experimental results are shown to verify the performance of implemented control
scheme in PV PCS.
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1. Introduction has been focused on the interconnection between the PV
power source and the grid. The dc/ac inverter, either

Nowadays, the concern of Photovoltaic (PV) system single-phase or three-phase design, can be considered as
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the core of the whole system because of an important role
in inter-connected operation.

Several methods have been proposed in the literature
for the control such inverters[1-5].

As for predictive control, it depends on the accuracy of
both the and the

prediction[1,2]. A hysteresis controller can control the ac

system model reference current
input current accurately without knowledge of the supply
voltage and the grid side circuit parameters. But it has
major drawbacks in variable switching rate, current error
of twice the hysteresis band, and high frequency limited
cycle operation, especially for high-power applications|3].

Three major classes of Voltage Source Inverter (VSI)
based current controllers have evolved in the load current
regulation, being hysteresis controller, predict deadbeat
controller and Proportional+Integral (PI) controller, where
the PI controller is normally used.

The stationary frame PI controller is conventionally
regarded as unsatisfactory for ac system because of the
supposedly unavoidable steady-state errors in amplitude
and phase. But the synchronous frame PI controller acts
on dc signal and can achieve the zero steady-state error
with the integral part of controller. However, the reference
frame transformation leads to a complex synchronous
frame controller implementation. Hence, a controller with
zero steady-state error in the synchronous frame would
have advantages in the implementation.

In order to achieve zero steady-state
based

control scheme has been used. Due to an infinite gain at

error, a

Proportional-Resonant (PR) controller current
the fundamental frequency, PR controller can achieve the
high performance in both the sinusoidal reference tracking

and the disturbance rejection.

2. PR controller analysis and design

In single-phase system, the popularly reference frame
transformation cannot be applied directly. Therefore, an
alternative approach of transforming the controller in dc
quantities from synchronous to stationary frame is the
frequency modulated method. This process can be
mathematically expressed as a low-pass to band-pass or a

frequency shifting transformation[6][7]:

Gals)= G (9)= 5 [Gls+dog)+ Gls—iwm)] (1)

where ©0 is the ac frequency and GI(s) is a low-pass
transfer block By using the first-order low-pass filter or
the PI controller in the synchronous frame, but centered

around frequency wo, we can get:

1
— (ac - - -
Gals)= Gy (5)= | B + Ko B, K
S
:K;’Jr](;serwg 2)

Equation (2) can be seen to be an ideal PR controller
which achieves infinite gain at the ac frequency w o.

However, the ideal PR controller is hard to implement
in reality because of the following reasons:

- First, the introduced infinite gain leads to an infinite
quality factor which cannot be achieved in either
analog or digital system.

- Second, the gains of PR controller are much reduced
at other frequencies and they are no introduced
adequate to eliminate harmonic influence caused by
ac voltage.

To avoid stability problem associated with an infinite
gain, as shown in (3), a non-ideal PR controller using a
high gain low-pass filter is used:

(w(ferwz)

G (s)=K +K——"—%—— 3
n ) v 152+2wcs+wf+w3 S

Assuming o <w o, a simpler approximation is:

Gylo)= K 4
s)=
7 r 52+2w€s+w3 @

FR controller's frequency response

Ideal FR controller
hon-idesl FR controller

WMegnituds (dB)

Phase (ded)

‘H:I' ’IEI! ’IEI! ’IEI'

Frequency (radisec)
[Fig. 11 Frequency responses of ideal and non-ideal

PR controller (K;=10, K=100, w,=10rad/s, » ¢=377rad/s)
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[Fig. 2] Frequency response of non-ideal PR controller
when Ki changes with (a) K;=0, w =lrad/s, w,
=377rad/s and (b) Ky=1,

=377rad/s

w=1radls,  w,

The frequency responses of ideal and non-ideal PR
controllers are depicted in Fig. 1. The PR controller
achieves an infinite gain at the ac frequency (fo=60Hz) to
force the steady-state voltage error to zero, and no phase

shift and gain at other frequencies.

Frequency response when @, changes

Phase (deg)
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Wegnitude (dB)

g

Prase (ded)
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[Fig. 3] Frequency response of non-ideal PR controller
when w, changes with (a) K,=0, K=1, wy

=377rad/s and (b) K,=1, Ki=1, w,=377rad/s

Frequency resporse when KH changes

L

hsgnitude (dB)

Priase (deg)
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[Fig. 4] Frequency response of non-ideal PR controller
when K, changes with K=1, w =lrad/s, w,

=377rad/s

In (4), there are three parameters affect to the PR
controller operation, or three-degree of freedom in PR
controller design.

First, assuming the proportional gain K, and the cutoff
frequency o . have no change. Fig. 2(a) shows that
without K, the variation of K; has effect on the gain of
the controller. The gain increases as K; is added.

With K, the K; variation has effects on both
bandwidth and gain of PR controller, as shown in Fig.
2(b). PR controller can achieve a very high gain in a
narrow frequency band centered around the resonant

frequency. A low K; value leads to a very narrow
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resonant frequency band while a high K; leads to a wider
one.

Second, assuming the proportional gain K, and integral
gain K; are constant, the cutoff frequency w . has effect
on the bandwidth and small effect on the gain of the PR
controller. As shown in Fig. 3(a) and (b), the PR
controller bandwidth increases as o . added, but there is
only a small change in the controller gain. Hence we can
say the same controller gain can be achieved at the
resonant frequency when w . changes. Using a smaller o .
will make the controller more sensitive to the variation of
frequency, this leads to a slower transient response and
more difficult in DSP implementation. In practical, o .
can be chosen at 5-15(rad/s) for a good response[8].

Finally, as shown in Fig. 4, when K, is added, the PR
controller gain increases. But a high K, value will
decrease the bandwidth of the PR controller. It means that
the harmonic impedance increases as K, added, and then
the higher K, value can lead to a relatively low harmonic
component.

In conclusion, the PR controller gains can be designed

following a step-by-step procedure:

First, choose the value of w . to meet the system

bandwidth requirement.

Second, choose the integral gain K; for a suitable

controller gain.

Finally, the proportional gain K, can be selected to
make sure that the system can achieve high
performances in sinusoidal signal tracking and
disturbance rejection.

Based on the theory analysis, in this paper, PR
controller gains are chosen as: K,=15, Ki=200 and o
~15(rad/s).

3. Single—phase inter—connected PV
inverter control technique

A single-phase inter-connected PV PCS has been built
where its circuit block diagram of current control scheme
is depicted in Fig. 5[9].

The equivalent representation of the current regulation
based single-phase inter-connected inverter system can be
obtained as shown in Fig. 6, where the relationship

between input and output of current control system can be

obtained as:

L=H(s)],~H(s)V, ®
3 [g 7 G’((S)G'Z(S)G}(S)

H(s)= I I GHEHGH) "
I Gi(s)

2= = T amame® "

where G(s) is PR controller transfer function as shown
in (4);

Gi(s)=K is the inverter transfer function. Assuming the
switching frequency is high enough to neglect the inverter
dynamics, the PWM inverter can be represented by a gain
for a simplicity of analysis due to the relatively high
switching frequency;

Gf(s) R)Gs+1

= 3 3 is the
LLGs +(L+L)R,Cs* + (L, + L)s

LCL-filter transfer function with damping resistor (the

resonant frequency can be calculated as

L+L,
wr@s = Y )'
L;L,Cy

Because PR controller introduces an infinite gain, then
the first term of (9) approaches the inverter current
reference and the second term approaches zero. Hence,

PR controller can achieve the zero steady-state error.

PV Array  DC/DC Converter DCJAC Inverter ‘

#=3

1 1

1y s I gpeal Iyl !
| as) w G.s) 68 SR+ GE) T
. ‘ y

| = AT

i Vie I Vo

! borl

DC-link voltage control Current control loop

[Fig. 6] Current-controlled single-phase inter-connected
PV inverter system
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Bode disgrarnof closed-loop using AR controller
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Phase (deg)

Frequency (radisec)
[Fig. 7] Bode diagram of closed-loop transfer function
using PR controller (K,=15, K=200, w

=15rad/s)

c
The closed-loop transfer function of current control
loop shown in Fig. 6 can be obtained:

o A333 +A232 +A;s+A4,
. \s)= = r 5
Bs’+ Bs'+ Bs* + B,s*> + Bis+ B,

(26)

where
Ay =R,GEK K
A, = K{B, + (2K, + K)o 7, G|
A, = K[ (2K, + K, + K, R, G|
Ay = KK w;,
B =LLG
B, = (L + L) G R, +2LL, Go,
By = (L, +L)(1+20,GR)+ LL Cuf, + KK G R,

Myguist response of open-locgp using FR cortroller

Irmaginery Axis
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[Fig. 8] (a) Nyquist and (b) root locus diagrams of

system using PR controller

By = (L +1L)(20,+ CRuE)+ KK, + (K, +2K ) KGRw,
B = (L + L)« + KK, G Ryuf; + (K, +2K ) K,
B, = KK u;

Fig. 7 shows the bode diagram of closed-loop system
using PR controller, where the PR controller can
introduce an infinite gain at the fundamental frequency.

For stability analysis, because the VSI switching
frequency is higher than power system frequency, the
inverter will have negligible impact on the control loop
dynamics and assuming a sinusoidal supply voltage, the
current closed-loop control stability can be analyzed with
classical methods such as Nyquist, root locus ...

Fig. 8(a) and (b) show the Nyquist and root locus
diagrams of the system using PR controller. As shown in
Fig. 8(a), the Nyquist diagram does not contain (-1,j0)

and hence, the system stability is verified.

4. Simulation and experimental results

The single-phase inter-connected PV inverter system is
simulated by Matlab/Simulink with parameters listed in
Table 1.

Fig. 9 shows the grid voltage and grid current
simulation results by using PR controller, where the FFT
analysis and THD value of grid current are shown in Fig.
10, respectively. It is noted that all waveforms are in

phase.



FArely| a8t =2 A 4108 41235, 2009

The  overall system of 3kW
inter-connected PV PCS, as shown in Fig. 11, with PR
controller is implemented fully in software adopting a
32-bit fixed-point DSP TMS320F2812 and the PWM

pulses are generated through the internal pulse generator

single-phase

of the DSP. The switching frequency of the inverter is
chosen to 10 kHz and the dead-time is 34 s.

Fig. 12(a) shows the grid voltage in channel 1
(250V/div) and grid current in channel 4 (10A/div),
respectively. It can be seen that the grid current waveform
is nearly perfect sinusoid. The experimental result shows
a good agreement with the simulation result. The
harmonic order analysis and THD value of grid current
12(b). The

using PR controller,

using PR controller are shown in Fig.
experimental results show that by
the PV inverter current control scheme can achieve

steady-state performance.

[Table 1] PV PCS parameters

Grid voltage V, 220V/60Hz
DC voltage Vg 400V
Inverter-side filter inductor L; 2mH
Grid-side filter inductor Lg 0.86mH
Filter capacitor Cy Su F
Filter damping resistor Rq 25Q
Switching frequency fiw 10kHz

The grid woltage (\/g)

i i i i i i i
0ms 002 0025 003 0035 004 0045 005
The grid current (Ig)

i i
0005 001

i i ; i i i i i i
0005 001 0015 002 0025 003 0035 004 0045 0.05

[Fig. 9] Grid voltage and current using PR controller

Fundamental (50Hz) =E5.012 , THD= 5.73%

Mag

1}F 4

u} 00 1aa0 1400 2000 2500
Freguency (Hz)

[Fig. 10] FFT analysis and THD value of grid current
using PR controller

[Fig. 111 3kW PV PCS experimental prototype

6. Conclusions

In this paper, the theoretical analysis has been
performed that the PR controller has some advantages
compared with the conventional PI controller and it can
enable the implemented control inverter system to achieve
the high performance. The simulation and experimental
results of 3KW PV PCS prototype system verified the
performance of this current control scheme. Furthermore,
this control scheme is suitable for single-phase
current-controlled VSI of distributed generation units, as
well as three-phase systems, and not only photovoltaic but
also the other power generation system, such as small

wind turbine, fuel-cells, etc...

i

chi[ 250v |

M4.00ms A Chl 4 60.0V

10.0AC B ch1 +£ 100V
(@)
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[Fig. 12] (a) Grid voltage and current implementation

results and (b) harmonic order and THD value
of grid current using PR controller
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