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Many closed-loop automations of grid-connected and standalone inverters use
controllers for various process control. The performance of the voltage source
inverter (VSI) used in such applications depends on the characteristics of the
controller. The gating pulses for the inverter are generated based on controller
output and it affects the overall performance of the system. In this regard, the
design and performance analysis of the controllers becomes an important
integral part of any system under consideration. There are various methods
available to design a controller. This paper discusses the design, modeling,
and performance of a PI controller for single-phase VSI in stationary and
rotating reference frames which helps in selecting a controller for the specific
system configuration. The dynamic behavior of the controller with respect to
the above reference frames and its effects on VSI output when subjected to
load disturbance is evaluated. The controller design is carried out with two
different current control strategies namely inductor current and capacitor
current sensing. The stability of the system with the designed controller is

analyzed and the results are compared.
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1. INTRODUCTION

Controllers play a very important role in maintaining stability of voltage and current in a PV system.
PI controllers are generally used in many applications that facilitate regulating voltage and current and hence
control of power flow in a PV system. Control loops are nonlinear in nature and need a careful selection of
control parameters. The main requirement of a power inverter is to produce and maintain a stable and sinusoidal
output voltage waveform regardless of the type of load connected [1], [2]. Controllers can be implemented in
different reference frames such as synchronous rotating (dq), stationary (abc) or (af) reference. Stationary
frame PI regulators suffer from significant steady-state amplitude and phase errors. Synchronous frame dq
frame regulator can achieve a zero steady-state error by acting on a dc signal in a rotating reference frame [3]-
[5]. Coupling terms are associated with filter components. If coupling is ignored, it is found that unacceptable
errors can occur and PI controller performance deteriorates [6]-[10]. Proportional integral (P1) based current
controller has the great advantage of providing infinite gain at the steady-state operating point, which gives
zero steady-state error. Frequency response methods lead to more powerful analysis and synthesis tools to
assess stability and relative stability, as well as rejection of noise and disturbances. The absolute and relative
stability of a closed loop system can be estimated from open loop frequency response [11]-[13].
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A popular method for tuning Pl controllers is the Ziegler—Nichol’s method in which integral and
differential gains are initialized to zero and then proportional gain is raised until the system is unstable. The
value of Kp at the point of instability is called ultimate gain Ky; the frequency of oscillation is fo and the
corresponding time period is ultimate time period Ty. In modulus, optimum method resulting system has a

frequency of natural oscillation given by Wn = % and damping factor §:%; where converter delay T is due

to inverter switches. Calculating the inner current loop time constant T. and outer voltage loop time constant
Ty, the system can be tuned for a desired value of crossover frequency. Tuning methods are based on either
frequency characteristics or on time domain. Any improper design produces overshoots and oscillatory
responses which are not acceptable practically [14]-[16]. For applying dg concepts in a single phase, the system
should have a real component and a fictitious component with identical characteristics with 90° phase shift with
respect to the real component. The concept is realized by generating a second signal with a time delay of ¥4
cycle of the actual time period of the real signal. Orthogonal quantities can create a rotating frame [17]-[19].
The filter inductor is usually sized to limit high-frequency ripple current and the corner frequency of
LC filter is typically chosen below the switching frequency of the inverter to obtain less total harmonic distortion
(THD). LC filter is most efficient in suppressing the current harmonics occurring from the switching frequency
and also in minimizing power loss [20], [21]. The bandwidth of linear controllers is dependent on the switching
frequency. Time delays due to modulation and digital computations limit controller bandwidth and affect its
stability margins [22], [23]. The PWM inverter results in a lesser peak ripple current. At high switching
frequencies output current harmonics reduce. High current ripple results in high losses and unacceptable current
stresses across the switching devices [24], [25]. This paper investigates and evaluates the performance of a
single-phase voltage source inverter (\VSI) with an LC filter using sinusoidal pulse width modulation or SPWM
switching with respect to various control strategies with PI controller for cases as shown in Figure 1. The
performance of the designed and developed controllers is compared for dynamic resistive and inductive loads.

single pfi.ase Inverter

Rotating frame Stationary frame
with without Inductor Capacitor,
coupling coupling  current sensing current sensing

Inductor | Capacitor,
current sensing current sensing

Inductor Capacitor,
current sensing  current sensing

Figure 1. Various control strategies

2. SYSTEM SPECIFICATIONS AND DESIGN

The typical PV system consists of a PV panel, DC-DC Converter, and inverter connected to a
load. To obtain the desired output with variation in load, it is necessary to design and implement a closed-loop
controller for the PV system. The closed loop single phase VSI has an inner current loop and an outer
voltage loop as shown in Figures 2(a) and 2(b). The performance of the outer voltage loop depends on the inner
current loop.

— .
= /\/ 0 controller controller
PV ,\/ D
DC-DC DC-AC
Converter Inverter
(a) (b)

Figure 2. Block diagram: (a) PV system and (b) inverter closed loop
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The inverter specification, PI controller parameters designed, and various transformation equations
used are shown in Tables 1-3. Using the transformation matrix Simulink model developed for dg
transformation is shown in Figure 3. Figure 4(a) and (b) shows a single-phase inverter circuit with LC filter
connected to the load.

Table 1. Inverter and load specifications

Parameter Specifications Parameter Specifications
Input DC 432V Load2 50 Q,10 mH
Output AC 220 Vrms Filter L¢ 15 mH
Switching frequency 1 KHz Filter capacitance C 10 pF
load 1 10 Q

Table 2. Tuning rules

Tuning method Design equations Kp Ki  Voltage controller  Current controller
va Kiv Kpc KiC
Ziegler Nicholas K, 045k, Ty 0.45 100 0.19 1
T, 12
Modulus Optimum T = 1 c R.
=
= 22% Yoo R 1w 100 39 1
T, = 4T, F{: T_C

Table 3. Transformation matrix

Transformation Conversion Matrix

Park af to dq ( cos6 sine)

—sin® cosO
Inverse Park dq to of (cose —sme)

sin®  cosO

™ x [
/\/ > \ | o
| COS [

I
Y

]
| [

sin

h

Figure 3. Single-phase Simulink model of DQ transformation

(b)

Figure 4. Single phase inverter: (a) basic circuit and (b) equivalent model

2.1. Model equations with filter inductance

The mathematical model of the system is derived from an equivalent circuit. Applying Kirchhoff’s
voltage law to the loop containing Vi— R - L¢- load in the circuit as shown in Figure 4; (1)-(3) are obtained.
Filter inductance with d and q coupling components is considered while writing equations.
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w:g%+m+% @)
%dzgg?Hﬁ+%—wh% )
wq=g§y4u+%+wg% ®)

Where, i = I, V4 and V4 are d and g components of voltage V;

2.2. Model equations with filter capacitance

Applying Kirchhoff’s current law at the node where L¢- Cs- load is meeting at a point in the equivalent
circuit as shown in Figure 4; mathematical models (4)-(7) are obtained. Filter capacitance with d and g coupling
components is considered while writing equations.

i, =ic +io @)
i, =C 2+ (5)
ica = iy — Iy + 0Cpvgg (6)
icq = iy — ig — ©Crveq @)

Where, i, and i., are d and g component of the current ic. wLgiyz and wLgi, are called cross-coupling
components with respect to filter inductance. Similarly with respect to filter capacitor wCrv., and wCsv,, are
cross-coupling components.

3. MODELLING OF SINGLE-PHASE VSI

Determination of a mathematical model of a physical system is important in design and analysis. The
model relates various variables of the system in a quantitative manner. The mathematical model of the single-
phase inverter is shown in Figure 5. The transfer function and Simulink model developed for VSI and
Controller performance with stationary frame design are shown in Figure 6(a) and 6(b) and also Figure 7. The
values for K, and K; of controllers and other parameters are chosen as per Tables 1-2. From the results obtained,
it is observed that when the load changes at t=1sec voltage disturbance that occurred is corrected within 0.4sec
making VSI operate at a steady state.

num(s) num(s)
(b) den(s) 5 den(s) O num(s)
’ qp den(s)

435

Figure 6. VSI control with stationary frame: (a) transfer function model and (b) simulation model
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Figure 7. VSI output voltage and current waveforms with stationary frame

The transfer function and Simulink model developed for VVSI and controller performance with rotating
frame design are shown in Figure 8(a) and (b) (see Appendix) and also Figure 9. From the results, it is observed
that when load changes at t=1sec voltage disturbance occurred is corrected faster within 0.35sec compared to
stationary frame design making the inverter operate at a steady state.
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Figure 9. Current and voltage waveforms of VVSI with rotating reference

4. PERFORMANCE OF SINGLE-PHASE VSI WITH VARIOUS CONFIGURATION

The controller requirements are different in standalone and grid-tied modes of operation. By
controlling the amplitude and phase of the command signal to the SPWM generator, the output voltage is
controlled. Either capacitor current or inductor current as feedback can be used to control the duty cycle of the
VSI. Simulink models developed using MOSFET as a switching device and SPWM pulses generated for
stationery and reference frame design is shown in Figure 10(a) and 10(b) and also Figure 11 (see Appendix).
Figures 12-17 show inverter outputs and controller performance in stationary and rotating reference frame
designs. Results observed from simulations are tabulated in Table 4.
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Figure 10. VSI with stationary frame (a) Simulink model and (b) output voltage and SPWM pulses generated
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Figure 12. Stationary frame output voltage with inductor current sensing
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Figure 13. Stationary frame output voltage with capacitor current sensing
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Figure 14. Rotating frame output voltage with inductor current sensing without coupling
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Figure 15. Rotating frame output voltage with capacitor current sensing without coupling
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Figure 16. Rotating frame output voltage with inductor current sensing with coupling
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Figure 17. Rotating frame output voltage with capacitor current sensing with coupling

Table 4. Comparison between various controllers

Feedback type & frame Duty ratio Vo1 Volts % THD Koy Kiy Kee Kic % Over shoot  Settling time ms
Stationary: inductor 0.834 312.2 5.67 045 100 0.19 1 26 165.35
current

dq : inductor current 0.81 3225 7.19 045 10 03 100 9.81 916.667
without coupling

dq : inductor current 0.81 325.1 8.06 0.45 10 0.3 100 26.59 398.294
with coupling

Stationary: capacitor 0.8041 314.4 6.71 0.3 100 0.5 100 26.82 70.21
current

dq : capacitor current 0.8249 310.9 5.75 0.3 10 03 100 0% 168.63
without coupling

dq : capacitor current 0.8098 315.7 7.02 0.3 10 0.3 100 26.9 229

with coupling

5. STABILITY ANALYSIS OF THE CURRENT AND VOLTAGE CONTROLLER

The closed loop control model of single-phase VSI with transfer functions for stability analysis is
shown in Figure 18. The current and voltage controller transfer function for the designed values obtained is
shown in (8)-(9). From Bode plot as shown in Figure 19, it is observed that designed controller is in stable mode.
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Figure 18. Transfer function of VSI with current and voltage controller
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Figure 19. Bode plot of the current and voltage controller

6. RESULTS AND DISCUSSION

The simulated results of controller performance for different cases is shown in Table 4. In addition,
transient, and steady-state response as well as total harmonic distortion (THD) is tabulated. From simulation
results it is observed that compared to inductor current sensing, capacitor current as feedback acts faster in
correcting the error with lesser THD.

7. CONCLUSION

In this paper, modelling and design of controller in stationary and rotating reference frame for single-
phase VSI is discussed. Performance of VSI with inductor current and capacitor current as feedback with
dynamic resistive and inductive load is evaluated. The stability analysis of the system with the designed
controller is performed and is observed that system is stable. It is also found that controller performance for
stationary frame is better compared to rotating (dq) frame inductor current and capacitor current sensing
method. However, for applications where independent control of real and reactive component of current needs
to be controlled, dq capacitor feedback method performance is found to be better from the results observed.
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Figure 11. VSI with rotating frame: (a) Simulink model
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Figure 11. VSI with rotating frame: (b) controller output and (c) SPWM pulses (continued)

REFERENCES

[1] Y. Han, X. Fang, P. Yang, C. Wang, L. Xu, and J. M. Guerrero, “Stability Analysis of Digital-Controlled Single-Phase Inverter
with Synchronous Reference Frame Voltage Control,” IEEE Transactions on Power Electronics, vol. 33, no. 7, pp. 6333-6350,
2018, doi: 10.1109/TPEL.2017.2746743.

[2]  S.M. Cherati, N. A. Azli, S. M. Ayob, and A. Mortezaei, “Design of a current mode PI controller for a single-phase PWM inverter,”
2011 IEEE Applied Power Electronics Colloguium, IAPEC 2011, pp. 180-184, 2011, doi: 10.1109/1APEC.2011.5779864.

[3] S. Golestan, M. Monfared, J. M. Guerrero, and M. Joorabian, “A D-Q synchronous frame controller for single-phase inverters,” in
2011 2nd Power Electronics, Drive Systems and Technologies Conference, PEDSTC 2011, 2011, pp. 317-323, doi:
10.1109/PEDSTC.2011.5742439.

[4] D. N. Zmood and D. G. Holmes, “Stationary frame current regulation of PWM inverters with zero steady-state error,” IEEE
Transactions on Power Electronics, vol. 18, no. 3, pp. 814-822, 2003, doi: 10.1109/TPEL.2003.810852.

Int J Pow Elec & Dri Syst, Vol. 15, No. 4, December 2024: 2155-2167



Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2167

[5] A. Timbus, M. Liserre, R. Teodorescu, P. Rodriguez, and F. Blaabjerg, “Evaluation of current controllers for distributed power
generation systems,” |IEEE Transactions on Power Electronics, vol. 24, no. 3, pp. 654-664, 2009, doi: 10.1109/TPEL.2009.2012527.

[6] A.Roshan, R. Burgos, A. C. Baisden, F. Wang, and D. Boroyevich, “A D-Q frame controller for a full-bridge single phase inverter
used in small distributed power generation systems,” in Conference Proceedings - IEEE Applied Power Electronics Conference
and Exposition - APEC, 2007, pp. 641-647, doi: 10.1109/APEX.2007.357582.

[71  B. Crowhurst, E. F. El-Saadany, L. El Chaar, and L. A. Lamont, “Single-phase grid-tie inverter control using DQ transform for
active and reactive load power compensation,” in PECon2010 - 2010 IEEE International Conference on Power and Energy, 2010,
pp. 489-494, doi: 10.1109/PECON.2010.5697632.

[8] U. A.Miranda, L. G. B. Rolim, and M. Aredes, “A DQ Synchronous Reference Frame Current Control for Single-Phase Converters,”
in IEEE 36th Conference on Power Electronics Specialists, 2005., vol. pp, pp. 1377-1381, doi: 10.1109/PESC.2005.1581809.

[91 S. Zhou, J. Liu, L. Zhou, and H. She, “Cross-coupling and decoupling techniques in the current control of grid-connected voltage
source converter,” in 2015 IEEE Applied Power Electronics Conference and Exposition (APEC), Mar. 2015, pp. 2821-2827, doi:
10.1109/APEC.2015.7104750.

[10] N. A. Ninad, L. A. C. Lopes, and A. Rufer, “A vector controlled single-phase voltage source inverter with enhanced dynamic
response,” IEEE International Symposium on Industrial Electronics, pp. 2891-2896, 2010, doi: 10.1109/ISIE.2010.5637255.

[11] A.S. Al-Khayyat, A. Al-Safi, and M. J. Hameed, “Single-phase grid-connected power control in dq synchronous reference frame
with space vector modulation using FPGA,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 30, no. 1,
pp. 57-69, 2023, doi: 10.11591/ijeecs.v30.i1.pp57-69.

[12] A. N. Kani, Control systems Engineering, CBS Publishers & Distributors, New Delhi, First Edition, ISBN: 9789389261868, 2021

[13] K. Burnand C. Cox, "PI(D) controllers: Design and evaluation methods for integrating systems.,” May 2020.

[14] G. M. van der Zalm, “Tuning of PID-type controllers,” Technische Universiteit Eindhoven, vol. 2004.054, 2004.

[15] C. Bajracharya, M. Marta, S. Are, and T. Undeland, “Understanding of tuning techniques of converter controllers for VSC-HVDC,”
in Proceedings of the Nordic Workshop on Power and Industrial Electronics (NORPIE/2008), 2008, p. 8.

[16] T. Docekal and S. Ozana, “Advanced PID tuning based on the modulus optimum method for real systems,” in AIP Conference
Proceedings, 2017, vol. 1836, doi: 10.1063/1.4982000.

[17] C.J. O’Rourke, M. M. Qasim, M. R. Overlin, and J. L. Kirtley, “A Geometric Interpretation of Reference Frames and Transformations:
DqO, Clarke, and Park,” IEEE Transactions on Energy Conversion, vol. 34, no. 4, pp. 2070-2083, 2019, doi: 10.1109/TEC.2019.2941175.

[18] G. Iwanski, P. Maciejewski, and T. Luszczyk, “New Stationary Frame Transformation for Control of a Three-Phase Power
Converter under Unbalanced Grid Voltage Sags,” IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 9, no.
4, pp. 4432-4446, 2021, doi: 10.1109/JESTPE.2020.3012971.

[19] M. Gonzélez, V. Cérdenas, and F. Pazos, “DQ transformation development for single-phase systems to compensate harmonic distortion
and reactive power,” International Power Electronics Congress - CIEP, pp. 177-182, 2004, doi: 10.1109/ciep.2004.1437575.

[20] Y. Liang, Y. Xie, Y. Guan, A. Lin, and L. Cheng, “Comparison of the performance between stationary frame and synchronous
rotating frame control of single-phase grid-connected inverter with LCL filter,” in 2017 IEEE Conference on Energy Internet and
Energy System Integration, E12 2017 - Proceedings, 2017, vol. 2018-Janua, pp. 1-6, doi: 10.1109/E12.2017.8245595.

[21] Y. Al Aman and A. Datta, “An Effective Filter Design for Single-Phase Inverters,” in 2023 IEEE Guwahati Subsection Conference
(GCON), Jun. 2023, pp. 1-5, doi: 10.1109/GCON58516.2023.10183529.

[22] M.J. Ryan and R. D. Lorenz, “A Synchronous-frame controller for a single-phase sine wave inverter,” in Conference Proceedings
- IEEE Applied Power Electronics Conference and Exposition - APEC, 1997, vol. 2, pp. 813-819, doi: 10.1109/apec.1997.575739.

[23] M. Vivert, E. Ormeno-Mejia, and J. Barzola, “DQ controller for a grid-tied single-phase inverter with harmonics compensation,”
2020 leee Andescon, Andescon 2020, 2020, doi: 10.1109/ANDESCON50619.2020.9272194.

[24] A.M. Diab, F. Guo, S. S. Yeoh, S. Bozhko, C. Gerada, and M. Galea, “Comparative Stability Analysis of Synchronous Reference
Frame Current Controllers Operated at High Fundamental Frequency,” IEEE Transactions on Transportation Electrification, vol.
9, no. 2, pp. 2115-2128, 2023, doi: 10.1109/TTE.2022.3208825.

[25] N. Mohan, Power electronics converters, applications and design, John Wiley & Sons, Third edition, ISBN:8126510900,2007.

BIOGRAPHIES OF AUTHORS

»

K. R. Pushpa RIEE s currently working as an assistant professor in the Department of
Electrical and Electronics Engineering, at PES University Bangalore. She obtained an M.Tech.
from VTU. Her research areas include power converters and control, and power quality analysis.
She can be contacted at email: pushpakr@pes.edu.

R. S. Geetha (@ B B8 © js presently working as a professor in the Department of Electrical
and Electronics Engineering at B.M.S.C.E. and Obtained a Ph.D. from VTU, Belagavi for the
work carried out in the area of “Voltage Source Converter based DC systems”. She guided
several projects in the area of power electronics converters, HYDC systems, power quality,
power converter controls, various topologies of Multilevel converters, and renewable energy
systems. She is a member and also secretary of the IEEE-SSIT professional body (2019 till
date). She has more than 25 conference/journal publications. She can be contacted at email:
rsgeetha.eee@bmsce.ac.in.

Modelling and performance evaluation of PV controller in various reference frame ... (K. R. Pushpa)


https://orcid.org/0009-0001-3961-4937
https://scholar.google.co.in/citations?hl=en&user=HCyAWZUAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=57216270397
https://www.webofscience.com/wos/author/record/KRP-3822-2024
https://orcid.org/0000-0003-0635-5905
https://scholar.google.co.in/citations?hl=en&user=wjvvexkAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=55983195900

