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ABSTRACT:More power quality issues are made in distribution system, due to increasing application of non-linear
loads. Here converters are interfaced to compensate active harmonics to utilize distributed generation units. Current
control approach is enhanced in this proposal; here current controller has two control branches to control harmonics to
control DG current and fundamental current separately. The proposed harmonic compensation does not need harmonic
current detection in local non-linear loads and harmonic voltage detection in distribution system. Fundamental
reference current is derived directly by closed loop current control without using phase locked loop (PLL). The
fundamental current tracking errors in steady state DG units are eliminates effectively by achieving this power scheme.
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I. INTRODUCTION

In traditional power systems, large power generation plants located at adequate geographical places produces most
of the power, which is then transferred towards large consumption centres. Power quality can be ensures continuously
by controlling the control centres monitor system. However, the power system is changed to large number of DG units
including both renewable and non-renewable sources such as, Photovoltaic (PV) generators, wave generators, wind
turbines, small hydro, fuel cells and Combined Heat and Power (CHP) stations [1]. Alternatively flexible control of
grid connected DG units is becoming an interesting topic. Here control of parallel APF is challenging task, due to
generation of non-sinusoidal current [2]

Generally, APF control involves three stages, signal measurement, conditioning, harmonic detection and control.
Many possible solutions have been made for APF control. Here, most of the methods employ filters with implemented
current control in various reference frames, stationary fundamental (or) harmonic frame [3-5].

In harmonic reference frame, each harmonics was detected and controlled in its own frame, which is seems to be
most performant method. But here computation time is expensive [6]. In stationary frames, generalized integrators (or)
repetitive based control is developed using PI controllers. The current control techniques that are so for used to control
active power filters are the linear control, the digital deadbeat control and hysteresis control [7].

In general, the analogue control techniques have the fast response and the control is not delayed by any conversion
process or calculation time. Among the digital control, the deadbaet control algorithm gives the best dynamic
responses; the fore mentioned analogue and digital control techniques are considered [8]. In order to compensate
harmonic distortions at the distribution systems, a number of active and passive filtering techniques have been
developed. But, due to the installation of addition filters, it adds cost to the system. Therefore, distribution system
power quality enhancement using flexible control of grid connected DG units is considered [9]. In this method, the
ancillary harmonics compensation capability is integrated with the DG primary power generation function through
modifying control references [10].
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On the other hand, the control of micro-grid can also be done by measuring local signals without communications
among DG systems. In this method, the real (P) and reactive (Q) power can be regulated by controlling the frequency
and voltage magnitude droop [11]. But in this method many DG units are considered and there are directly connected to
Point of Common Coupling (PCC) with resistive feeder. So, this method may leads to several problems. Due to the
presence of non-trivial feeder impedance, the PQ coupling and steady state reactive power error occurs. If the
additional coupling inductor is not placed between the DG units and the PCC, the DG system stability and transient
performance will be affected [12-14].

An accurate detection of local load harmonic current is necessary, so the various type of harmonic detection
technique have been presented. The techniques are Fourier transformation based detection method, detection scheme
using instantaneous real and reactive power theory, Second Order Generalised Integrator (SOGI) and the delayed signal
commutation based detection [15]. The harmonic interaction process may increase the computing load of DG unit
controllers in the steady state of DG output current to absorbed the local load harmonics, the main grid current can be
directly controlled [16]. Due to this, the local load current is treated as a disturbance in the grid current regulation loop.
This harmonic voltage detection control techniques cannot be used for shunt active harmonic filter in the point of
connection [17].

So, this paper proposed an improved current control technique with two parallel control branch, here the first control
branch is used for DG unit fundamental current control and the second branch is used to compensate local load
harmonics current or feeder resonance voltage. In this proposed current controller, the PoC voltage of a local load
current can be directly used as the input, without affecting the harmonic compensation accuracy [18]. The proposed DG
unit achieves zero steady state power tracking error with simple PI regulation in the output power control loop.

Il. EXISTING HARMONIC COMPENSATION METHOD

A. Local Load Harmonic Current.

Here, interfacing converters is connected to distribution system with coupling choke (L¢ and Ry). This is connected
with single-phase DG system. Harmonic components of local load current (I o) is absorbed using DG current
(I))regulation, to improves the power quality of grid current (1).

Generally, current reference generators is not absolute in magnitude of PoC voltage to accomplish this problem,
improved power control method is developed. First, the fundamental PoC voltage Vp.c.s and its orthogonal
components Vp,cpt are obtained by using SOGI as,

2wp1S
\Y/ = —————— Vpc(1
PoCo_f s2+20p, s+wf2 PoC( )

2
Voocpf = 52— Vpoc(2)

s2 +2wpg S+WF

Where, wf is the fundamental angular frequency andwp; is the cutoff bandwidth of SOGI.
The relationships between fundamental references are considered using artificial stationary a—f reference frame as
follows.

1
Pret = 3 (VPoC(x_f' Iref(x_f + VPoCB_f- IrefB_ f) (3)

1
Qref = 3 (VPoCB_f- Iref(x_f - VPoC(x_f' IrefB_f) (4)

Where, leegt and lg. are the DG fundamental current reference and its orthogonal component in the artificial a-f
reference frame. Similarly, Vp,cq-t and Vp,cpsare PoC fundamental voltage and its orthogonal component respectively.
By using this equations, the fundamental current reference of single phase DG units can be obtained, which is
synchronized with PoC voltage.
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The fundamental current reference and power reference are synchronized with PoC voltage as,

I _ cos(&).Pref+sin(8).Qref,5
ref f — v \ )

Where, 3 is the PoC voltage phase angle detected by PLL, P are Qsthe real and reactive power references, and V* the
nominal voltage magnitude of the system.The instantaneous fundamental current references of single phase DG units
are obtained by using equation (2) and (3) as follows.

2(Vpoca—f Pref +VP0C[3—f-Qref),6)
\

| =
ref—f 2 2
Veoca-t+Vpocp-f

With the derived harmonic current and fundamental current reference is written as

2 S
Iref_h = GB(S)- ILocal = Zh=3'5'7'952+2(:)% . ILocal (7)
Where, Gg(S) is the transfer function of the harmonic extractor. To realize selective harmonic compensation
performance, Gg(s) is designed to have a set of bandpass filters with cut-off frequency wp;.
Then, proportional and multiple resonant controllers are adopted to ensure rapid current tracking.

Vl\;WM = chr(s)- (Iref - |1 )

2K; S
— (KP + Z ih®W¢

$2 + 2w S+ w?
h=f35,..15

'(Iref—f + Irefh - |1) (8)
where v* is the reference voltage for pulse width modulation (PWM) processing, Kp the proportional gain of the
current controller G (s) , Ky the resonant controller gain at the order h, o, the cut-off frequency of the resonant
controller, and wy, is the angular frequency at fundamental and selected harmonic frequencies.
B. Feeder Resonance Voltage Compensation.

The PoC voltage can distorted, when connected to main grid using long underground cable with non-trivial
parasitic capacitance. To overcome this problem, feeder is modelled using LC Ladder. Here R-APF control concept is
implemented in DG current control to reduce the resonance issues obtained in long underground cables. Then, DG
harmonic current reference is modified as.

et = (—72) - G5(8): Veoc)(®)

Where, Ry is the virtual damping resistance at harmonic frequencies. The voltage quality at different positions
of the feeders can be improved by providing sufficient damping effects to the long feeder.

C. Proposed Harmonic Compensation Method.
DG UNIT SWITCHING ACTIVE FILTER CEID RLC
UNIT SECTION el LOAD

PQj (DG
UNIT)

HARMONIC
CONTROL
SCHEME

Fig.1. Block diagram of the proposed system
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Interactions, between PoC harmonic voltage and DG harmonic current may cause some steady state DG power
offset. In order to improve the accurate power control performance in current controlled DG units, Instantaneous
fundamental current reference can be employed by using simple closed loop power control strategy as,

Iref_f = gl'VPOC(x + gZ'VPOC (10)

Where, Vp,c, is the non-filtered PoC voltage expressed in the a — B reference frame (Vpocq =Vpoc) and Vpocg IS its
orthogonal component.

The real and reactive power control of DG is achieved by using adjustable gains g1 and g2 obtained from detailed
regulation law as follows.

0= (k0 52 (5 oo+ 00

Ts+1

Then, DG power using low pass filters,

_ K 1 Qre
0, = (sz + f) : (TSJr1 Qref — QDG) + R )2(12)
where Kp; , Ki1, Kpp, and Kp, are proportional and integral control parameters, P,.s and Qs are the real and reactive
power references, V* is the nominal voltage magnitude of the DG unit, t is the time constant of first-order low-pass
filters.
The proposed closed loop power control method eliminates power tracking errors, when the output power is given to
current controller it produces some ripples,

1
Poc = 57sy+ (Veocp: I * Veocp: lip)  (13)

1
Qpc = 2(t5+1) (VPOCB' i — Vpocs- IlB)(14)

Where, 1, is the non-filtered DG current expressed in the stationary o—f frame (I = I,,) and 4 is its delayed
orthogonal component.

To overcome this problem, the improved proportional and resonant controllers with two control branches are
proposed as,

2K.cw S
Viwm = 55— (rery — 11)
S2+2wcS+ wi f

2KjfwcS
2
SZ+2wcS+of

+(Ke+ Zneas s ) Cres, = 1005

= Gf(s) (Ireff - |1) + (Gh(s) (Irefh - |1)(16)

Here, fundamental current reference is regulated by “power control” branch. Only, fundamental resonant controller
is adopted in this branch, the impacts that seen in harmonic components are automatically filtered out. Hereafter,
harmonic disturbance will not introduce in the harmonic control branch.

Meanwhile,the harmonic current reference is regulated by “harmonic controller” branch. Here, superior harmonic
current tracking is ensured using small proportional gain.

Here, PoC voltage (or) local load current can be directly used as input of harmonic control branch without achieving
any filtering actions. The harmonic control branch ensures that DG current is ripple free, when harmonic current
reference is set to zero. Then DG unit current is connected to be sinusoidal
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ILocar . Local nonlinear load
compensation

(
I
lref, = { ~Veoc /Rd , Feeder resonance voltage(17)
| compensaion
\o ,DG  harmonic current rejection

Here, steady state errors can be occurred due to presence of fundamental components in the output of harmonic
control branch which is obtained from proportional gain when local load current is given as an input to the harmonic
control branch. The proposed control method shows accurate real and reactive power control that guaranteed by two Pl
regulators in power control loop. As PI regulator (or) controller is used in closed-loop power control accuracy, zero
steady state power control error can still realized even when grid voltage frequency variations are occurred.

In this case, Detected grid connected frequency is used as parameters of resonant controllers, and DG current
tracking accuracy can be improved continuously. It is important to mention that grid voltage frequency variations often
affect the power control accuracy and the harmonic compensation performance of the DG unit. Additionally, if the DG
unit needs to be connected to a utility grid with nontrivial frequency variations, a frequency estimator can be adopted to
detect the frequency of the grid.

111. MODELLING OF DG UNIT WITH THE PROPOSED CURRENT CONTROL SCHEME

DG unit I
1
—
r )
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J
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Fig.2. DG unit with proposed control scheme.

A. Modelling of Proposed Current Control Method.
The equivalent circuit of proposed current control method was derived in rest of this section .transfer function of DG
unit filter plants as,

I = H(S). rer — Ye(8). Vo (18)
l; = Ginp(9). (Vpwm — Veoc)
(19)

1
= LSRp" (Vpwm — Veoc)

Where, Lf is the inductance of the DG coupling choke and Rs is its stray resistance. vpwy is the average inverter
output voltage. Then delay of DG control is written as,
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Vewm = €71°Td5 Vi (20)
Where, Ty is the sampling period of the system. Here delay includes one sampling period processing delay and half

sampling voltage modulation delay. By equating (15), (18) & (19), the closed loop DG current response can be given
as,

|1 = Hf(s)- Iref_f + Hh(s)- Iref_h - YP(S)- VPoC (21)
Where, H; (s) and Hy, (s) represent the closed-loop response of DG unit current to fundamental and harmonic current
references, respectively. Y,(s) demonstrates the sensitivity of DG line current tracking to PoC voltage disturbances. By
using this equation, response of DG units in closed loop can be achieved.

The detailed expressions of terms are listed as,

e 15Tas Gy(s). Gipq(S)

M) = T 5705 (6,9) + 61 (). Gra )
H _ g~15Tas .Gp(S).Gpa(s)

b = T e Tas (6,05) + 6n(5)). Grg ®)
YP(S) — Glnd(s)

1 +e715Tas (Gg(s) + Gp(8)). Grna(S)
The unique behaviour of the proposed controller can be demonstrated using modified Norton equivalent circuit in
proposed current control scheme with two controlled current sources.

111.SIMULATED AND EXPERIMENTAL RESULTS

A. Simulated Results.

'-, '1
i 3 3 & | -
9! 2T
- s L"

Fig.3.Simulation diagram for proposed control scheme.
1. Compensation of Local Non-Linear Loads.

First, local diode rectifier load is tested with DG units using simulation. The main grid voltage contains 2.8% third
and 2.8% fifth harmonics voltage.
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Fig. 4. Performance of the DG unit during DG harmonic rejection: (a) grid current I, ; (b) DG current I, ; (c) local load current I oca.
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In this simulation, the reference power is set to 600W to 200VAR. Here, DG current is sinusoidal with 5.57%
THD;the proposed method still realizes current compensation in local load with enhanced grid current quality with
5.88%THD. Meanwhile, DG unit current is polluted with 201.5%THD.

The proposed closed loop control is effectively verified. Where real and reactive power calculated is regulates DG
output power in closed loop manner, its guaranteed zero steady state power tracking errors.

Fig.5. Performance of rectified input AC voltage with harmonics.

2. Compensation of Feeder Resonance Voltage.

To verify the feeder resonance voltage compensation, five cascaded LC filter is connected between DG units and
stiff main grid. Performance of harmonic rejection mode of proposed controller is shown. Here, PoC voltage is
distorted with 13.6%THD. On the same way fundamental current reference is distorted with DG current is sinusoidal
with 5.61%THD and main grid current contains non-trivial harmonics with 24.2%THD.

| =
I

Fig.6. Performance of input current with harmonics.
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The associated current waveforms during feeder resonance voltage compensation are shown in Fig. 6. It is obvious
that DG current has more distortions (with 35.09% THD), while the main grid current THD reduces to 8.12%.

B. Experimental Results.
1. Local Non-linear Load Compensation.

Here, a small shunt capacitor is connected at PoC to absorb the switching ripples of the inverter. The real and
reactive power control under harmonic compensation mode also tested by employing local load current directly as the
input to the harmonic control branch

In this experiment, the measured local load current is compensated by DG units, resulted in improved main grid
current is polluted with 51.08%thd. The effectiveness of proposed method, main grid voltage is reduced to 106V. In
this method, it maintains an accurate power tracking even when main grid voltage varies. By varying the voltage steady
state errors can be removed.

Fig.7. Output voltage and current with less harmonics

2. Compensation of Feeder Resonance Voltage.
Here, virtual harmonic resistance is used to measure the performance of feeder resonance voltage mitigation.
In this case, 5o0hm harmonic virtual resistance is used when compared to DG harmonic rejection control.

P‘Ds;vlny selected sianat © Display FFT wrindow Structure :
Selected signal: 5 cycles. FFT window (in red): 1 cycles
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Fig.8.Simulated results that rejects the harmonic contents using FFT analysis.

The enhanced voltage quality is appeared from control of virtual damping resistance to effectively mitigate the
voltage distortions.

IV.CONCLUSION

In this paper, current controlled DG unit interfacing converters is proposed to compensate the harmonics. The
proposed method realizes harmonic compensation and power control using closed loop current control scheme. Here
the input of fundamental power control branch is regulated by closed loop power control. The harmonic voltage
detection and local load harmonic current extraction does not required in this scheme. It ensures the accurate power
control even when harmonic compensation tasks are activated in DG unit (or) PoC voltage changes. The experimental
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result and simulated result from a single phase DG unit is verified the feasibility of the proposed strategy. The
achieving this proposed control method 28.9% THD of harmonic content can be removed. The simulated and
experimental results of this proposed scheme is verified with its accurate operation.
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