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Abstract: Grid-connected voltage source converters (GC-VSCs) are used for interfacing the distributed
power generation system (DPGS) to the utility grid. Performance of the current loop is a critical issue
for these GC-VSCs. Recently, reduced order generalized integrator (ROGI)-based current controller is
proposed, such that AC reference signal of positive or negative sequences can be separately tracked
without steady-state error, which has the advantage of less computational burden. However, the
cross-coupling within the ROGI-based current controller would deteriorate the transient response of
the current loop. In this paper, a ROGI-based decoupled current controller is proposed to eliminate
the coupling between a-axis and B-axis. Thus, the faster dynamic response performance can be
achieved while maintaining the merits of ROGI-based current controller. An optimal gain parameter
design method for the proposed current controller is presented to improve the stability and dynamic
response speed of current loop. Simulation and experiments were performed in MATLAB/Simulink
and TMS320C28346 DSP-based laboratory prototype respectively, which validated the proposed
theoretical approach.

Keywords: decoupling; reduced order generalized integrator (ROGI); optimal gain; distributed
power generation system (DPGS); grid-connected voltage source converters (GC-VSCs)

1. Introduction

In recent years, distributed power generation system (DPGS) has attracted increasing attention
with the aggravation of global energy shortage and environmental issues [1-5]. A typical DPGS is
shown in Figure 1; due to the intermittence of renewable energy sources (RESs) such as PV systems
and wind turbines, energy storage systems (ESSs) based on battery and supercapacitor are used to
suppress power fluctuations, which improves the reliability and quality of power supply. Moreover,
integrating the electric energy generated by RESs into the power grid is an important way to improve
power generation efficiency. As the typical power electronic interfaces between DPGS and power grid,
GC-VSCs have been intensively studied [6,7]. In the grid-connected mode, the voltage and frequency
at the point of common coupling are dictated by strong power grid, the GC-VSC is controlled to behave
as current-controlled converter. Active and reactive power regulation are performed by changing the
grid-connected output current [8,9]. Therefore, accurate and fast control of the grid-connected current
is one of the most critical technologies, which directly affects the power quality [8-13].

Various research has focused on current control of GC-VSCs [4,6-12,14-25], among which the most
widely studied control method is PI controller [17,19,23,26], which effectively guarantees excellent
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tracking of AC reference signals and fast dynamic response speed, since AC signals become DC signals
through Park transformation and PI controller could produce infinite gain for DC signals [16,17,26].
Nevertheless, d-axis and g-axis current cross-coupling, resulting from the Park transformation, is
proportional to the interested control frequency. Actually, the modulation and sampling delay tend
to aggravate the coupling and even deteriorate stability of the current loop [17,26]. In addition,
resonant controllers are widely used in current loop regulation of GC-VSCs. Proportional-resonant
(PR) and vector proportional-integral (VPI) controllers are, respectively, equivalent to conventional PI
and complex-vectors PI (cPI) regulators, which are implemented in a positive and negative sequence
SREF simultaneously [17]. It assures perfectly tracking AC reference signals without steady-state errors
for both sequences [5-7,9,12,14,15,18]. However, the negative-sequence term (i.e., —jw,) of conjugated
poles introduces two times control frequency fluctuation, bringing slower dynamic response and
more severe cross-coupling [16,26]. Moreover, computational burden increases when multiple order
harmonics need to be tracked simultaneously [21,22].
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Figure 1. The configuration of a distributed power generation system.

To overcome the disadvantage of the above controllers, some improved methods are proposed.
The method of state-feedback decoupling is proposed in [16], which effectively reduces the axes
cross-coupling and broadens the bandwidth of current loop. Nevertheless, the decoupling effectiveness
could be affected by the time delay and the accuracy of parameter estimation. The alternative
decoupling method based on cPI controller is less influenced by these two factors [17]. Thus, a
better stability and a faster dynamic response speed of the current loop are achieved. However,
the implementation of the aforementioned control algorithms is in SRF and the rotating frame
transformation increases the computational burden and complexity. Simultaneously, the error of
transformation calculation would emerge if the PLL is not sufficiently accurate [7,9,26]. Overall, a
regulator with zero steady-state error in the stationary frame would have some certain advantages
in terms of implementation [9-12]. ROGI-based current controller, which is named as PCI controller
in [11,12], is proposed with the advantage of less computational burden and improving the bandwidth
of harmonics control [21,25]. However, the cross-coupling within the ROGI-based current controller
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would deteriorate the transient response of the current loop. In addition, the stability of the current
loop will decrease when the control frequency is relatively high [23].

In this paper, a ROGI-based decoupled current controller is proposed, which is capable of
suppressing the cross-coupling and improving the dynamic response speed, while possessing the
advantage of low computation burden and being convenient to implement. An optimal gain method
for parameter tuning is also presented to maximize the stability of the current loop.

The paper is organized as follows. Coupling of ROGI-based current controller is analyzed in
Section 2. Section 3 introduces the proposed ROGI-based decoupled current controller. Specially,
the performance of the proposed controller is analyzed through closed-loop frequency response and
mathematical derivation, and the optimal parameter design using the root locus is presented. The
simulation and experimental results are provided to validate the theoretical approach in Section 4.
Finally, Section 5 summarizes the work.

2. Coupling Analysis of ROGI-Based Current Controller

The ROGI is proposed in [21], its transfer function in the s-domain can be expressed as

1
Grogi(s) = ST o 1)

where w, is the fundamental frequency and “—/+” denotes the positive/negative sequence.
The implementation principle of ROGI is shown in Figure 2a.
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(a) ROGIL (b) ROGI-based current controller (PCI).

Figure 2. Implementation principle of ROGI and ROGI-based current controller.

A novel proportional complex integral (PCI) is derived from the principle that zero steady-state
error can be achieved if the open-loop gain is infinity at the control frequency [10]. Thus, it can be
written by,
ki

=k
Grei(s) = kp + - _—"

@

where k), is the proportional gain and k; is the integral gain. It is known from Equation (2) that the PCI
controller is equivalent to ROGI-based current controller in [10,21]. For convenience, the PCI controller
represents the ROGI-based current controller in this paper. The implementation principle of PCl is
shown in Figure 2b, where it can be seen that PCI controller includes two kj, - w, coupling branches,
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which will deteriorate the transient response of the current loop. Besides, the coupling aggravates as
the control frequency increases.

Figure 3 shows the diagram of PCI-based current closed-loop for GC-VSCs. G5(s) = e *T¢
represents the digital control delay, which consists of one and a half sampling time delay [19],
T; = 1.5T; (T; is the sampling cycle). For a more intuitive sense of the coupling, a-axis and B-axis
current response with PCI controller is presented in Figure 4 when a step change occurs in reference
current. The reference current i}, decreases from 10 - elvet to 0 at t = 0.04s, where iy = Refi} /3} =
10-cos(wet) and i; = Imf{i} ﬁ} = 10-sin(w,t). In Figure 4a,b, it can be seen that reference current changes
in x-axis affects B-axis current, and vice versa. In addition, the coupling will increase with the rising of
the control frequency.
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Figure 3. The diagram of PCI-based current closed-loop for GC-VSCs.
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Figure 4. n-axis and pB-axis current response with PCI controller.
3. The Proposed ROGI-Based Decoupled Current Controller

To suppress the axes-coupling in the PCI-based current loop. an effective decoupling method with
ROGI-based decoupled current controller is proposed, which improves dynamic response performance
of the current loop. For convenience, the proposed ROGI-based decoupled current controller is referred
to as the D-PCI controller in the following section.

3.1. Structure of the D-PCI Controller

As shown in Figure 2b and the analysis of coupling, the key to effective decoupling is to remove
the cross-coupling term k) - we. Thus, the structure of the proposed D-PCI current controller is shown
in Figure 5. Thus, the transfer function of D-PCI can be expressed as

ki + ngkp

_ =k
Gp-rpci(s) = kp + Py

®)
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Figure 5. Structure of the proposed D-PCI current controller.

Based on Equations (2) and (3), the Bode plot of PCI and D-PCI controllers tuned at
we = 2-71-50 rad/s (i.e., fundamental excitation frequency is 50 Hz) is shown in Figure 6. It can
be seen that both PCI and D-PCI controllers achieve infinite gain at fundamental excitation frequency,
which means that precise AC reference signal tracking can be realized. Moreover, D-PCI controller has

superior performance in suppressing DC reference signal. The magnitude for D-PCI controller is —6.5
dB, while PCI controller is 27 dB.
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Figure 6. Bode plot of PCI and D-PCI controllers tuned at w, = 2 - 7t - 50 rad/s.

Replacing the PCI with D-PCI in Figure 3, x-axis and f-axis current response with D-PCI controller
is presented in Figure 7 when a step change occurs in reference current. In Figure 7a,b, it can be seen
that, regardless of the control frequency, there is almost no coupling between the current of x-axis and
B-axis.
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Figure 7. n-axis and pB-axes current response with D-PCI controller.
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3.2. Performance Analysis of the D-PCI Controller

From Figure 3 and Equation (3), the output current I, 5 can be derived as

o E’STd~(kps+ki) % S—jwe

1up(8) = R G +e T toe i) w88 ~ IR G an +e T (s i) @B (S) @

where .

(kps +k;) -e=5d

S —
GCL (S) - (S 7](“]6) (SL + RL) + (kps +kl) . e_STd (5)
is the transfer function between I,4(s) and I;‘ﬁ(s), and
5 —jw

br(s) = — [ 6)

(SL+Rp)(s — jwe) +e5Ta - (kps +k;)

is the transfer function between I,4(s) and e,g(s).

If the frequency of I74(s) (reference input signal) and e,g(s) (disturbance signal) is equal to w,,
ie,s = jwe, then G}, (jwe) = 1and Gp L( jwe) = 0. It means that D-PCI controller can realize tracking
of AC reference signals and suppress AC disturbance signals. Both closed-loop frequency response
and mathematical derivation would be used to evaluate the steady-state tracking performance.
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Figure 8. Bode plot of closed-loop current control based on D-PCI controller.

According to Equations (5) and (6), the closed-loop frequency response curves at different control
frequencies are shown in Figure 8. The following conclusions can be drawn:
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1)

)

©)

Since the controller provides infinite gain at the interested control frequency (—50 Hz, 50 Hz,
100 Hz, 200 Hz and 500 Hz), unity gain and 0° phase lag output current can be achieved, i.e.,
Lip(s)/ I;‘ﬁ(s) = 1/0°, the steady-state error is zero, as shown by “e” in Figure 8a.

As shown by “o” in Figure 8a, a closed-loop anomalous peak (amplification phenomenon of
output current) appears near the control frequency, and, as the control frequency increases, the
peak value becomes larger, e.g., no obvious amplification appears at 50 Hz or 100 Hz, while the
peak value is 1.02 (1.145) times of the unity gain at 215 Hz (540 Hz). It means that the closed-loop
anomalous peak will aggravate the transient oscillation and increase the adjustment time and
overshoot with the abrupt change of reference signal. Besides, if phase lock angle is inaccurate,

the steady-state output current would be amplified.
As shown in Figure 8b, the disturbance signal at the interested control frequency is completely

suppressed, i.e., the magnitude is zero (as shown by “[0").

The delay compensation method is used to suppress the closed-loop anomalous peak, and Figure 9

shows the closed-loop frequency response after delay compensation. It can be seen that the unity gain
and 0° phase lag output current are achieved at the interested control frequencies, and the closed-loop

7o

anomalous peak is completely excluded, as shown by “e” in Figure 9.
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Figure 9. Bode plot of current closed-loop with delay compensation with D-PCI controller.

From the analysis of delay compensation above, the influence of time delay can be ignored.

According to the internal model control (IMC) method [13], to cancel the pole of G}, (s) by a matching
zero in D-PCI controller, k; /k, = Ry /L should be satisfied. Hence, Equation (5) can be simplified into
Equation (7)

K

T et K 7

Ger (s)

where K = k,/L is the only degree of freedom of the D-PCI controller. Thus, the reference current
ip(t) can be expressed by

iyp(t) = Ln - cos(wet) + jL - sin(cwet) 8)

the output current i,4(s) is equal to

I I

lap(s) = GE(5) - Lipls) = (= — i ©)

in the time domain, Equation (9) can be written as

inp(t) = I - (cOS wet — e X L, - (sinw,t — e K (10)

if t — oo in (10), then

tlLTo iup(t) = I - cOS Wet + jliy - sin wet = iya(t) (11)
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It can be seen that D-PCI controller can be used to track ac reference signal without steady-state
error, and, with the increase of open-loop gain K, the dynamic response becomes faster. The design of
the parameter K is introduced in the next section.

3.3. Parameter Tuning for the D-PCI Controller

In this section, a parameter design method based on root locus is presented. By comprehensive
analysis of the IMC method, and as shown in Figure 3, the open-loop transfer function is simplified to
(kps k) - G3(s) K- G5(s)
s —jwe) (SL+Rp) (s — jwe)

Taking the following parameters as an example, both the switching and sampling frequency are
set to 10 kHz: L =5 mH, R} = 0.5 ) and w, = 1007t rad/s. Figure 10 shows the root locus of current
loop based on D-PCI controller and Figure 10b is a closer view of the dotted line frame in Figure 10a.
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Figure 10. Root locus of current loop based on D-PCI controller: (a) general view; and (b) closer view
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of the dotted line frame.

The decay rate o = Re(p.;) and the damping ratio { = ¢/ |p,;| are two important indicators to
evaluate the system performance. As shown by the closer view in Figure 10b, the open-loop zero
z}, and closed-loop pole pl; overlap with each other, while the effect of pl, on system stability and
dynamic response is negligible. When K is low (K < Kypt), pg’l and p‘cll are far away from imaginary
axis (Re(pfl) < Re {(p?l),(pfl)}), pfl becomes the dominant closed-loop pole, the system is in an
overdamped state. By increasing K until pgl and p?l overlap (this gain value of K is defined as
Kopt ), the system switches to a state of critical damping (¢ = 1), as shown by “e” in Figure 10a, and
the maximal stability and the fastest dynamic response are obtained simultaneously. If K is increased
further, the system becomes underdamped and overshoot occurs in the transient response. At the
same time, the stability decreases because pgl and pg’l are closer to the imaginary axis. Consequently,
Kopt is an optimal choice in terms of stability and dynamic response.

Figure 11 shows the time-domain simulation of output current with different gains of K when
an abrupt change happens in the reference current. It can be observed that simulation results are
consistent with theoretical analysis based on root locus. Overshoot occurs in the current transient
response (when K > K,pt) due to the underdamped characteristics. If K < Ky, the excessive damping
ratio limits the dynamic performance (although the overshoot is suppressed). When K = Ky, there is
no overshoot during the transient response. Simulation results are summarized in Table 1, where it can
be seen that K = K, is a best choice if overshot and transient response are considered simultaneously.
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Figure 11. Output current response with different gains of K when an abrupt change happens in the
reference current.

Table 1. Evaluation for different value of K

Gain (K) Damping Ratio{ Overshoot Response Speed
K < Kopt ¢>1 no slow
K = Kopt ¢=1 no fast
K> Kopt <1 have fast

4. Simulation and Experimental Results

To verify the control performance of the proposed D-PCI controller, simulation and experimental
results are presented in this section. The main parameters for simulation and experiment are

summarized in Table 2.

Table 2. Simulation and experimental setup parameters.

Symbol Parameters Value Unit
Vs Phase-to-phase voltage 380 \%
f Grid frequency 50 Hz
U DC-link voltage 700 v
L Inductance of the L filter 5 mH
Rp Equivalent resistance of the L filter 0.05 Q
Cic Capacitor of DC-link 4000 uF
R(P) Active power Load 50(10) QW)
I; Q) Reactive power Load 21.5(10)  Ackvar)
fsw Switching frequency 10 kHz
fs Sampling frequency 10 kHz
BW Bandwidth of the current loop 600 Hz
kip Proportional gain of the current loop 12.3 /
kii Integral gain of the current loop 123 /
kop Proportional gain of the voltage loop 0.5 /
i Integral gain of the voltage loop 29.87 /

Figure 12 shows the double closed-loop control scheme of GC-VSC. The outer loop, which
has slower dynamics, regulates the DC-link voltage. The inner loop is used to track the reference
current, which is the output of the outer loop. In this study, the DC-link voltage was set to 700 V.
Comparisons between the proposed and PCI controller were performed in terms of steady-state error

and dynamic response.
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Figure 12. The double closed-loop control scheme of GC-VSC.

4.1. Simulation Results

Figure 13 shows the simulation results of the proposed control strategy. As shown in Figure 13a,
the simulation process consisted of several critical time points with load changes, which were used to
test the steady-state and dynamic response of the proposed control strategy. Figure 13b—d shows the
closer views of Zoom1, Zoom2 and Zoom3 in Figure 13a.
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Figure 13. Simulation results of the proposed control strategy: (a) general view of the DC-link capacitor
voltage and three-phase grid current; (b) three-phase grid current when the GC-VSC operates in the
state of PWM rectifier; (c) three-phase grid current when 10 kW active power is applied; (d) three-phase
grid current when 10 kvar reactive power is added; (e) grid voltage and current of phase A when unity

power control is implemented; and (f) reference current, actual current and current error of phase A
when load changes.
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In Figure 13b, it can be seen that the DC-link voltage is regulated to 700 V when the GC-VSC
operates in the state of PWM rectifier, which can be replaced by a DC power supply.

Figure 13c shows the transient response of three-phase grid current when 10 kW active power
load is applied. It can be seen that the stability of the grid current is achieved after 10 ms. Actually, the
dynamic regulation time is less than 10 ms, since the DC-link voltage drop extends the settling time.
The excellent dynamic response performance can be further validated by the results in Figure 13d,
when 10 kvar reactive power load is added. There is almost no transient regulation process for
grid current. In fact, since the reactive power is not consumed, the DC-link voltage does not drop
significantly. Moreover, as shown in Figure 13c,d, negligible overshoot is obtained when using the
parameter design method in Section 3.

Figure 13e represents the grid voltage and current of phase A with the unit power factor control
method. The phase is exactly the same in steady state, which reflects the tracking ability of the D-PCI
controller. As shown in Figure 13f, the curves (reference current I; and actual I;) come closest to
coinciding in shape even if a sudden change occurs at 0.4 s, and the current error fluctuates around zero.
It shows that the D-PCI controller has the ability to track AC reference signals with zero steady-state
error and fast dynamic response.

Figure 14 represents the simulation results with PCI controller. The parameters are consistent
with the D-PCl-based control strategy. In Figures 13c and 14a, it can be seen that the dynamic response
of D-PCl is faster than PCI, and the excellent performance can be further observed in Figures 13f and
14b. The PCl-based grid current tracks its reference with zero steady-state error after about 30 ms
while it takes about 15 ms for the proposed control strategy.
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Figure 14. Simulation results of the PCI-based control strategy: (a) three-phase grid current when
10 kW active power is applied; and (b) reference current, actual current and current error of phase A
when load changes.
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4.2. Experimental Results

To further support the theoretical analysis and simulation results, the experimental setup of
GC-VSC was built in the laboratory, as shown in Figure 15. The parameters in experimental setup were
the same as in simulation ones, which are listed in Table 1. Active power load consists of two parallel
100 €2/10 kW resistors. The real-time algorithm was implemented in the hardware controller, based on
TMS320C28346 DSP and EP3C16Q240 FPGA, whose output PWM signals are connected to converter
by optical fiber. Experimental waveforms were captured by Yokogawa DL850 oscilloscope. Specifically,
the hardware controller lacked of digital-to-analog converter and, since the reference current was a
digital variable, it could not be directly measured by the oscilloscope. Therefore, real-time data were
acquired by saving memory in Code Composer Studio (Ver.5.5.0) and the waveforms (Figures 16f and
17b) were plotted in MATLAB.

1

T e e s o

Controller: S \ = ® ;
DSP+FPGA | _;_;_‘__ ______

Figure 15. Experimental setup of the GC-VSC.

Figures 16 and 17 show the experimental results of the proposed and PCI-based control strategy,
which correspond to the simulation results in Figures 13 and 14, respectively. It can be observed that
the experimental and simulation results match to a great extent. The slight difference is the distortion
of grid current, which can be mainly attributed to harmonics contained in the grid voltage.

Figure 16 shows that the excellent stability and fast dynamic response of the proposed
D-PClI-based control strategy can be obtained even though the GC-VSC experiences different load
variation. The superiority can be further verified by the comparative experiments. From the results in
Figures 16f and 17b, the following can be concluded: (1) the current error of both strategies tends to
zero, which means that tracking of ac reference signal with zero steady-state error can be realized from
both methods; and (2) the proposed strategy has faster dynamic response, as the error current of the
PCl-based strategy restores to zero after about 30 ms while there is almost no dynamic process for the
proposed control strategy.
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Figure 16. Experimental results of the proposed control strategy: (a) general view of the DC-link

capacitor voltage and three-phase grid current; (b) three-phase grid current when the GC-VSC operates
in the state of PWM rectifier; (c) three-phase grid current when 10 kW active power is applied;
(d) three-phase grid current when 10 kvar reactive power is added; (e) grid voltage and current of

phase A when unity power control is implemented; and (f) reference current, actual current and current

error of phase A when load changes.
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Figure 17. Experimental results of the PCI-based control strategy: (a) three-phase grid current when
10 kvar reactive power is applied; and (b) reference current, actual current and current error of phase A
when load changes.

5. Conclusions

To attenuate the impact of axes cross-coupling caused by PCI controller, a novel D-PCI
controller-based decoupling method in the stationary frame is proposed to track sinusoidal reference
signals with zero steady-state error and achieve fast dynamic response. Moreover, an optimal gain
method for parameter tuning is presented for enhancing the stability of the current loop. Comparing
with PCI, the proposed D-PCI controller can obtain faster dynamic response, as well as better
stability performance. Comparative simulations were performed and experimental results between
the proposed and PCI controller were compared, which validated the superiority of the proposed
D-PCI controller.
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