A Computationally Efficient Current Controller for Simultaneous Injection
of both Positive and Negative Sequences

Zunaib Ali*, Nicholas Chritofides*, Lenos Hadjidemetriou**, Elias Kyriakides**

*Frederick University **University of Cyprus
Electrical Engineering Department KIOS Research and Innovation Center of Excellence
7 Y. Frederickou Street, Pallouriotissa P.O. Box 20537 CY-1678
Nicosia, Cyprus Nicosia, Cyprus
zunaib.ali@stud.frederick.ac.cy hadjidemetriou.lenos@ucy.ac.cy
Acknowledgements

The authors Zunaib Ali and Nicholas Christofides are highly grateful to the Erasmus Mundus Leaders
(EM-Leaders) mobility program for providing PhD fellowship. The authors Lenos Hadjidemetriou and
Elias Kyriakides are supported by the Research Promotion Foundation (RPF, Cyprus, Project
KOINA/SOLAR-ERA.NET/1215/06), by the Ministry of National Infrastructure Energy and Water
(Israel) and the SOLAR-ERA.NET (European Union’s Seventh Framework Programme).

Keywords

«Current Controller», «Computational Complexity», «Grid Disturbances», «Renewable Energy
Integration», «Grid Side Converter Control »

Abstract

Reducing the required processing time of current controllers used in grid side converter (GSC) of
renewable energy systems (RES) allows to optimize the limited processing resources and at the same
time minimize the cost of the processors required. In addition, the transient behavior of these controllers
must be fast and with low overshoot for the GSC to support the grid during off-nominal grid conditions
and according to the grid code requirements imposed. For a converter to respond accordingly, the
injection of both positive and negative sequences of fundamental current under off-nominal grid
conditions is necessary. The work presents a GSC current controller that meets all modern grid
requirements expected. It has been developed by introducing two modifications to an existing current
controller. Experiments and simulations have been performed to validate the operation of the proposed
current controller in terms of complexity and performance. Consequently, the new current controller
requires 22% less processing time and can achieve a faster and more accurate response in order to meet
modern grid code requirements under off-nominal conditions.

1. Introduction

The ongoing high level integration of renewable energy systems (RES), in particular photovoltaic (PV)
and wind energy, to the utility grid may give rise to problems related to grid stability and power quality.
Advanced grid regulations are therefore imposed to ensure the accurate and reliable operation of grid
connected RES in the events of grid faults and other off-nominal grid conditions [1-4]. These regulations
involve the injection of high quality currents from RES under normal, harmonically distorted, and
unbalanced grid conditions, grid frequency variations and other disturbances. Furthermore, RES should
remain interconnected and provide reactive power support under grid faults thereby entering the Fault
Ride Through (FRT) mode [5-8]. During FRT mode, the injection of both positive and negative sequence
currents may be required for supporting the grid under abnormal grid scenarios, thereby enhancing the
stability of the power system. Energy generated from RES is efficiently transferred to the utility grid via
power electronic based Grid Side Converter (GSC) [9, 10]. Hence for meeting the modern grid
regulations, appropriate control techniques with improved performance and reduced complexity are
needed for GSC [5, 7]. The GSC controller consists of two control loops, the inner current controller



and the outer active/reactive power (PQ) controller [10-12]. The PQ controller generates the current
references corresponding to desired active/reactive power injection. Consequently, the current controller
is used to inject the reference currents into the utility grid. The performance accuracy of RES is critical
under abnormal grid conditions such as grid voltage faults, frequency variations, harmonic distortion
and phase offsets. Therefore, the design of PQ and current controllers must be considered properly for
accurate and reliable operation of RES under faults and other disturbances. The control of GSC can be
implemented either in stationary reference frame or in dq synchronous reference frame (SRF) [13, 14].
However, the control of GSC in dq SRF is more straightforward and all the controlled variables become
DC quantities, thereby easily controlled in a decoupled way using low order controllers.

In literature, many currents controllers have been presented dealing with aforementioned issues. The
SRF based current controller [11]-[12] is the conventional control technique utilizing two PI controllers
and positive synchronous frame (dg*?) for generation of voltage references. However, when this current
controller is exposed to unbalanced faults, it cannot perform significantly due to the existence of double
frequency oscillations on transformed voltage/current vectors resulting from the presence of negative
sequence grid voltage. The undesired 2w oscillations mainly affect the performance of the positive
sequence PI controller. The dual SRF (DSRF) current controllers proposed in [15]-[16] mitigate the
problem of these oscillations by introducing filtering techniques. The DSRF controller is developed by
combining two conventional SRF controllers respectively operating in fundamental positive and
negative frames with an additional filter. However, the additional SRF controller and filter increase the
computational complexity and result in slower dynamic response due to the presence of the filter in the
control loop. For improving the dynamic response of DSRF and to avoid use of filter in the control path,
an enhanced decoupled dual SRF (EDDSRF) current controller is proposed in [17]. In EDDSRF
controller, the undesired Zw oscillations are mitigated by estimating their magnitude and subtracting it
from the positive and negative currents using a novel cross-decoupling network. The decoupling network
allows the injection of both positive and negative current sequences free of any oscillations. This
however increases the computational complexity significantly due to increased Park’s transformations.
The computational complexity, however, is an important factor in real time implementation of control
algorithm, since current digital signal processors employed in GSC have limited processing resources
[18]. Furthermore, a higher control effort is required by EDDSRF controller, because the essential
voltage feedforward terms are not used [19].

The effect of grid voltage harmonic distortion is not considered by the controllers mentioned above. An
equivalent version of conventional SRF controller is proposed in [20], where a Proportional-Resonant
(PR) controller is used instead of PI controller, but in a similar manner it cannot work under abnormal
grid scenarios. Few interesting techniques are discussed in [21-23], where a combination of PR and PI
controllers are used to achieve accurate response under unbalanced grid conditions. Furthermore, in [24]
multiple Resonant (R) controllers are being used in fundamental positive reference frame for mitigating
the effect of harmonic distortion, in addition to positive sequence injection. However, in this case the
unbalanced grid conditions are not considered and the controller is able to inject only positive sequence
of current. In [25], PR controller is used in combination with integral controllers for enabling the
accurate injection of current under grid voltage unbalance and harmonic distortion. Nevertheless, it is
worth mentioning that the PR controller does not allow the use of voltage feedforward terms, which
however, imposes an undesired higher control effort on the current controller [19].

Furthermore, some current controllers consisting of multiple SRFs are proposed in [26-28] for
compensating the effect of grid harmonic distortion and allows the injection of high quality current.
These controllers are simple in structure but do not consider the effect of unbalanced of grid voltage. In
addition, all the aforementioned controllers can only inject the positive sequence of current, except
EDDSREF current controller, that allows simultaneous injection of both the sequences but at high
computational cost.

For mitigating the undesired effect of both the harmonic distortion and unbalanced faults an interesting
technique is proposed in [19]. The technique uses multiple SRF in combination with conventional SRF
current controller for enabling accurate injection of fundamental pure sinusoidal positive or negative
current sequences. The aforementioned controller cannot inject both the fundamental positive and
negative sequences of current simultaneously. An important thing to mention is that under grid faults,
the injection of positive sequence current can provide voltage and frequency support to the grid while
the negative sequence currents can minimize the unbalances caused by the grid faults.



In this paper two interesting modifications are proposed to the existing controller of [19] for enabling
the accurate injection of both sequences of current simultaneously with reduced computational cost. In
the first modification, the reference for negative sequence is added to the error between the fundamental
positive sequence reference and the measured signal. Furthermore, a decoupling network is used for
eliminating the effect of double frequency oscillation for allowing accurate operation of positive
sequence controller. In contrast to [17], the computational complexity of the first proposed modification
(referred to as modification 1) is less because of the reduced number of Park’s transformations and the
elimination of the additional SRF controller for negative sequence. The Modification 1 was subsequently
investigated and an even better performance was achieved. The second modification (referred to as
modification 2) presents even lower computational complexity and improved performance compared to
modification 1 and controller in [17].

Section 2 of the paper discusses the capabilities of an existing current controller. The modifications
proposed are analyzed and presented in section 3. The computational complexity analysis is discussed
in section 4. Section 5 presents the simulation and experimental verification of proposed current
controllers.

2. Existing Current Controller

The current controller in [19] utilizes the conventional SRF technique rotated with either positive or
negative speed for injecting either positive or negative current sequence, respectively. In addition to the
conventional part that can work only under balanced grid conditions, an unbalance compensation module
(UCM) is introduced in [19] for compensating the effect of unbalanced grid voltage. Furthermore, for
enabling the injection of high quality current under harmonic distortion, the harmonic compensation
module (HCM) is implemented in multiple SRF frames, as shown in Fig. 1 (where |Ta[3| and |qu| are
the transformation matrices). This current controller cannot inject both the fundamental positive and
negative sequences of current simultaneously, which is an important flexibility that can enable a more
proper grid support under faults and disturbances. The simultaneous injection is enabled by controller
in [17], but it’s computational complexity is very high.
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Fig. 2: Proposed modification 1 (Type A current
controller)

3. Proposed Current Controllers

In this section, the proposed modifications (1 and 2) for enabling the simultaneous injection of both the
positive and negative sequences of current are discussed in detail.



3.1 Modification 1 (hereafter referred to as Type A Controller)

As mentioned earlier, the existing current controller in [19] can only inject one sequence of current at a
time. Hence, modification 1 is being proposed to enable the simultaneous injection of both the sequences
(positive and negative) and resulting controller is referred as Type A controller. The unbalance
compensation module of existing current controller is utilized for injecting negative sequence in addition
to compensation of unbalanced faults. The stepwise modification is as follows:

i. The reference for negative sequence current is added to the error between the fundamental positive
sequence reference and the measured signal, as shown in Fig. 2.

ii. Introduction of decoupling network: The injection of negative sequence will result in 2w
oscillations on positive sequence, which are subsequently decoupled to enable accurate operation
of positive sequence controller.

After step (i), the oscillations occur on positive sequence current because the actual measured signal
(containing both positive negative sequences) is being transformed to SRF with +w speed. Therefore,
undesired oscillations are decoupled using a decoupling network. In contrast, no oscillations are
observed on negative sequence dqg-axis currents, due to the fact that the transformation (under - w speed)
is provided with error signal and not the actual measured signal as in the positive sequence case. The
computational complexity of controller with proposed modification 1 is less due to reduced decoupling
cell and cross coupling/feedforward terms for negative injection, compared to controller in [17]. The
performance of both controllers remains similar.

3.2 Modification 2 (hereafter referred to as Type B Controller)

The computational complexity can further be reduced by introducing a second modification, which also
improves the controllers’ performance (lower oscillation/overshoot during disturbances). The details of
modification 2 are listed below:

i. From modification 1, it was evident that feeding the error signals before frame transformation does
not give rise to oscillations on other frames.

ii. Hence, a similar modification (feeding of error before frame transformation) was introduced to
the positive injection part of controller, as shown in Fig. 3. This eliminates the use of decoupling
network.

iii. The only problem in feeding the SRF with error is how to implement the cross-coupling terms
necessary for control implementation, since the cross coupling requires the measured currents
instead of the error signal. The measured signals are calculated by a mathematical approach where
the current error signal is subtracted from the reference current, as shown in Fig. 3.

The modification 2 (referred to as Type B controller) has significantly reduced the computational
complexity due to complete elimination of decoupling networks as opposed to the one employed in [17]
and modification 1. Furthermore, the performance of Type B controller is enhanced in terms of lower
overshoot and fast dynamic response compared to modification 1 and is comparable to the controller
proposed in [17]. Hence using proposed modification 2, the positive and negative sequences of currents
are injected accurately with reduced complexity and improved performance.

4. Computational Complexity Analysis

The computational complexity analysis of Type A, Type B and current controllers of [19] and [17] are
shown in Table I. The computational analysis considered the number of algebraic manipulations required
and the processing time from MATLAB’s profiler report. The controller in [17] was used as reference
for the comparisons presented. The lower computational complexity and processing time of proposed
Type A and Type B current controllers compared to controller in [17] are verified from Table I. Type B
current controller requires 22% less processing time compared to controller in [17]. The computational
complexity of Type B current controller is equal to controller in [19] but it is worth mentioning that the
Type B controller can inject both sequences of current simultaneously as opposed to controller of [19]
which allows injection of one sequence at a time. Hence, compared to [19] the performance capabilities
of Type B current controller are enhanced. Between Type A and Type B, the Type B has lower
complexity and improved performance, as observed by the lower overshoot and less oscillations.
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controller).
Table I: Complexity Analysis for Three Controllers in terms of required Multiplications
(%), Additions (+) and Subtractions (=) in each control loop.

Current Controller [Modification 1] [Modification 2] Ref.[19] Ref.[17]
PI Controller 2 2 2 4
[T4q] blocks 14 13 13 16
2 Integral Controllers 10 10 10 10
%’ Feed-forward Needed Needed Needed Not Needed
i Cross-Coupling Needed Needed Needed Not Needed
.‘E Si Decoupling for . Needed for one frame Not Needed Not Applicable Needed for both frames
% imultaneous Injection
E- Total mathematical (x): 104; (+): 39; (x): 94; (+): 34, (x): 94; (+): 34; (x): 124; (+): 48;
S operations in each loop (=):17; (=):13; (=):13; (=): 18;
© Total: 160 (113.47%) Total: 141 (100%) Total: 141 (100%) Total: 194 (137.58%)
Processing time for each
loop (MATLAB profiler 3.96ms 3.65ms 3.65ms 4.46ms
report) (108%) (100%) (100%) (122%)
Current Injection Performance Positive and/or Positive and/or Positive Positive and/or
Capabilities Negative Negative Negative

Note:- Harmonic Compensation Module (HCM), Unbalance Compensation Module (UBM), Decouple Network (DN); Each [T,;‘q] requires: 6
Multiplications (X) + 1 Addition (+) +1 Subtraction (—); Each PI requires: 2 (x) + 2(+); Cross Coupling: 2(x) + 1(4); Feedforward: 1(+); Each I
require 1 (x) + 1(+)

5. Results and Discussion

The current injection capability of proposed current controllers is validated through simulation and
experimental results.

5.1 Simulation Results

The performance of proposed modifications is validated through simulation results performed in
MATLAB. Initially, the results for modification 1 and 2 are presented separately. Following this a
comparison is also presented between the two showing the improved performance of proposed
modification 2 compared to that of modification 1. The tuning procedure is common to all the controllers
discussed in this paper and is presented in appendix. The -5 and +7™ voltage harmonic is set to 0.03pu
and 0.02pu (similar for all cases).

The results for proposed modification 1 are depicted in Fig. 4. With zero initial value, at 0.4s I} and
I7* are subjected to a step change of 4.5A and 2A, respectively. Similarly, at 0.55s I7* and I;* are
changed to 24. An unbalanced fault occurs at 0.65s. The proposed modification 1 allows fast and
accurate injection of both the sequences simultaneously by utilizing the existing unbalance module of
[19]. The proposed modification can be compared to enhanced dual SRF frame current controller [17]
in terms of computational complexity, since both the controllers can inject simultaneous current and also



the performance in terms of current injection is comparable (as shown in Fig. 5). However, the
computational complexity of controller with proposed modification 1 is less compared to [17] due to
reduced decoupling cell and cross coupling/feedforward terms for negative injection, as can be seen in
Table I.

The results for modification 2 are shown in Fig. 6. All the fundamental sequence values, harmonic
conditions and time of activation are similar to previous results. By proposed modification 2, the
computational complexity is further reduced and in addition, the performance is also improved with less
oscillations/overshoots compared to modification 1. A comparison of proposed modification 1 (Ilegends
denoted by ‘A’) and modification 2 (legends denoted by ‘B”) is presented in Fig. 7, with ng1 (injected
at 0.4s)and [ (}ql (injected at 0.55s). Following this, an unbalance fault is activated at 0.65s. It can be seen
by the zoomed inset that the new Type B current controller improves the quality of injected currents and
has more accurate response under all the variation points.

B R T
sb e 5[
i L S — g;: ;r_,y; R ; = —
= o e e~ o e
Fig. 5: Simultaneous injection comparison between ~Fig. 6: Simultaneous injection using Type B
Type A and ED. current controller.

£ Ay 5 - AR
g j- 0.4 0.5 ' 0.6 0.7 ‘-gcj . - ~I;1Bl: ;I:EDA ;I:EE
yp yp |

Furthermore, the type B controller is also compared with [17] in Fig. 8 with variation time and current
values similar to previous cases. The current controller of [17] is denoted by ‘ED”. It can be seen that
the injection capability of proposed Type B current controller is equivalent to the one in [17], but using



proposed Type B current controller the injection is enabled with the requirement of comparatively
37.58% less mathematical operations and 22% less processing time, according to Table I.

5.2 Experimental Verifications

The performance of proposed current controllers is also validated through experimental results. The
experimental setup employed in the laboratory consists of different modules, as shown in Fig. 9 and is
according to schematic in Fig. 10. The same schematic of Fig. 10 is also employed for the purpose of
simulation results. The experimental setup however consists of few differences as opposed to the
simulation setup. More specifically, the inverter employed in simulation setup is a three-phase 5 kVA
inverter and the voltage at PCC is set equal to 230 V. The corresponding current limit for 5 kV A inverter
is 10.25 A. The experimental setup however, considers a voltage of 132.8 V at PCC due to the presence
of 5 kV A y/D transformer necessary for grid isolation. In addition, the three-phase inverter employed is
1.8 kVA with maximum current limit of 6.5 A. For the experimental verification, the current controllers
along with the necessary GSC control system is implemented using a dSPACE DS-1104 DSP board
along with dSPACE ControlDesk and Matlab/Simulink Real Time Interface. The inverter model used
as GSC is a SEMIKRON Semiteach (B6U+E1C1F+B6CI). The ELEKTRO-AUTOMATIK (EA-PS-
9750-20) DC power supply was used to emulate the renewable energy DC source. The sampling rate for
both simulation and experimental results was 4 kHz. The current controllers are tuned using closed-loop
system of Fig. 11 and tuning parameters are similar for both experimental and simulation results. More
details about tuning procedure can be found in Appendix.
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Fig. 11: Current controller closed-loop control system,
Vs is voltage feedforward and v is the grid voltage.

Fig. 9: A Photo of experimental setup.

5.2.1 Experimental Validation: Case Study I

The Type A and B current controllers are experimentally validated through two sets of experiments. In
both case studies, the positive sequence d and q axis currents are respectively injected according to
desired active and reactive powers (1200 W and 0 VAR for case I). The first case study analyzes and
compares the responses of Type A and B current controllers when a step change of —2 A occurs in
i;fref. The initial value of negative sequence currents igé_ref is set to zero, consequently both the
controllers are injecting three-phase balanced sinusoidal currents. The inverter continues to inject
positive sequence symmetrical currents until i, 7 1s changed from zero to —2 A (marked in Fig. 12).
At this point, the injected three-phase current becomes unbalanced and asymmetrical due to the negative
sequence current injection. The improved quality of current injected by Type B current controller can
be seen from i, which in case of Type A current controller suffers from more distortion. Overall both
the proposed current controllers offer similar performance, but it is worth mentioning that the Type B
current controller enables accurate injection with less computational complexity.
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5.2.2 Experimental Validation: Case Study II

The second case study investigates the two current controllers when active power of 1000 W is
commanded by providing the d-axis reference of positive sequence current and later, the g-axis negative
sequence is injected. Until t=26.425 sec (for Type A) and t=0.20 sec (for Type B), both the controllers
inject if1 = 3.45 A. However, at t=26.425 sec and 0.20 sec, the ig}re 7 1s subjected to a step change of
+2 A and corresponding responses with unbalanced current injections are shown in Fig. 13. Both the
proposed current controllers accurately inject the negative and positive sequences of current
simultaneously with less computational complexity as compared to existing EDDSRF controller. Both
Type A and Type B achieve equivalent performance but the complexity of Type B is lower than Type
A.
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Fig. 13: Case II: Experimental results validating the operation of both Type A and Type B current controller for simultaneous
current injection. igl,er = 0, igt,or = 0 to 24,031, .r = 3.45 A (1000 W), i2,.- = 0 (0 VAR).

6. Conclusion

The proposed modifications enable the injection of both sequences of current simultaneously with
reduced computational complexity without compromising the quality of current. The decrease in
processing resources (as listed in Table I) has a positive impact and provides greater flexibility to GSC
manufacturers. Between Type A and B, the Type B controller is considered a better candidate for fast
and accurate injection of current in grid connected RES.



7. Appendix

7.1 Tuning of current controller

The design of current controller mainly depends on the proper tuning of PI and I controllers used within
the control structure. Since, the dynamics of PI controller employed for injection of fundamental positive
sequence are not affected by the addition of HCM and UCM, both PI and I controllers can be tuned
separately. Consequently, the PI part of current controller is tuned first. The tuning of PI controller
requires the transformation of current controller to corresponding closed-loop control system as shown
in Fig. 11. The closed-loop system consists of a PI controller transfer function Gp,(s), transfer function
Gge1(s) for incorporating the delays caused by components within control path and the LCL filter
transfer function G¢(s). In G4 (s), Ty represents the total control path delay, which is the summation
of delay caused due to PWM generator (0.5T), delay due to the computation devices, delay due to the
sampling rate and any other delays (Tox¢rq = (0.5)T). Where T denotes the sampling period used for
GSC controller. The LCL filter transfer function G¢(s) can be approximated with the transfer function
of simple L filter according [12], as shown in Fig. 11, where L is the sum of two LCL filter inductances

and Ry is their combined resistance.

By combining all the three transfer functions according to Fig. 11 and by setting up the term k., T; equal
to L /Ry, the closed loop transfer function can be simplified as (1). Where, i denotes the current injected
by the GSC and i..s represents the reference current to be generated by the PQ controller.

(kais+1)( 1 ) 1/Rf

T;s 1+ Tys 1+L—fs ( 1 )
L R°) TT4R; o
als) =—= =
ref k,Ts+1\, 1 Ur sz+(Ti)S+<T~T1R)
1+( pli )( ) f d ilaiy
TL'S 1+TdS ]_-I—Lfs
Ry

The transfer function in (1) represents a second order system and by selecting the value of damping
coefficient (=0.707 (optimal value), the value of PI tuning parameters can be designed according to (2).

=L - 2Ta
ky, = 2Ta and T; = P (2)

The value of T, used in this paper is 2T and corresponding values of k;, and T; are 5 and 1/800
respectively. The integral controllers in HCM and UCM can be tuned according to disturbance dynamics
[19]. The I controllers in HCM can be tuned for relatively lower gain (200), since grid harmonics present
slower dynamic response. Whereas, the UCM I controllers are tuned for higher gain (400) due to faster
dynamic response of faults.
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