UtilitasMathematica

ISSN 0315-3681 Volume 122, 2025

Enhanced Converter Control using PR Controller in
Electric Springs

P.Srinivasaraol, M.R.Mohamed! ¥, K.K. Deepika?, D.] K Kishore3, A. Anjaneyulu*

1Faculty of Electrical & Electronics Engineering Tech., Universiti Malaysia Pahang Al-Sultan
Abdullah, Pekan, Malaysia.

ZDepartment of Electrical & Electronics Engineering, VIGNAN's Institute of Information
Technology, Vishakapatnam, India
3Department of Electrical & Electronics Engineering, Sri Vasavi Engineering College,
Tadepalligudem, Andhra Pradesh, India
4Department of Electrical & Electronics Engineering, Sasi Institute of Technology & Engineering,
Tadepalligudem, Andhra Pradesh, India

*Corresponding Author: rusllim@umpsa.edu.my

Abstract— Electric Spring is the recent
paradigm in demand-side management to
control the load demand following the
generation. This paper details a diagnostic
approach to the design of a Proportional
Resonant (PR) controller for a single-phase
grid-connected system with an Electric
Spring (ES) with Back-to-Back Converter.
Design is ensured using bode diagrams for
various PR controller parameters. Also, the
design of the DC-link voltage control loop is
detailed. Fourier analysis is demonstrated
to measure ripple content in a grid.
Simulation results of Electric Spring with PR
controller confirm the ability of ES to track
reference power for fixed and variations in
reference power, and dynamic load changes.

Keywords—Electric Springs, Proportional
Resonant Controller, critical load, back-to-
back converter.

I. INTRODUCTION

Electric spring was conceptualized in [1] and
demonstrated to be effective in regulating the
mains voltage despite the fluctuation initiated
by the erratic nature of Renewable Energy
Sources (RES). It was practically tested for both
voltage support and suppression. It was also
tested for shaping load demand (of about 2.5
kW) to follow the fluctuating wind power [2].

Electric springs in demand response
technology have been widely used for mitigation

of voltage and frequency fluctuations [3][4], and
reduction of power imbalance [5][6]. ES has
been demonstrated to track the variations in
reference power [7]. When the reference power
is surplus than the requirement of critical and
non-critical loads, it is necessary to modify the
ES with existing full bridge inverter
configuration to feed the available surplus
power to main grid. DC power side of ES must be
interfaced with the AC grid. It is essential to
include energy storage technology in the power
converter to meet the difference in power be-
tween the two sides. Electric springs with Back-
to-Back (ES-B2B) converter con-figuration
[8][9] as illustrated in Fig. 1.

II. CONTROL SCHEME OF ELECTRIC SPRINGS

For efficient power flow between ES and grid it
is crucial to control the DC link voltage to be
constant. This can be well-explained using two
cases:

A. When the reference power is surplus than
the requirement of critical and non-critical
loads, ES transfers the surplus power to the
grid through the DC link and converter
circuit. Else, if the DC link voltage is less than
the reference value, some amount of power is
utilized to charge the DC link capacitor and
the remaining is fed to the grid.
Consequently, power fed to the grid is
reduced.
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B. During voltage fluctuations, the DC
supply required for the inductive/capacitive
mode of operation of ES is obtained from the DC
link capacitor. So, the DC capacitor discharges to
maintain its voltage at a fixed voltage. It takes
power from grid through a rectifier circuit.

Fig. 2. DC link Voltage Control Loop with
Current controller
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Fig. 3. Overall scheme for control of injected
current
To realize an AC compensator with zero phase
and magnitude error equivalent to DC
compensator (transfer function Hpc(s)) is given
by [10]-[13] :

SZ+(1)12

Hyc(s) = Hpc(s)( 25 ) (D
When given as input to a PI controller, it is:
2K;
Hpc(s) = Kp + ﬁ (2)

where Kp: Proportional gain, K,. Resonant gain,
w1. is fundamental frequency. High pass filter is
modified to give a finite gain and is given by Eq.
(3), where w; as the lower breakpoint
frequency and w, is the cut-off frequency.

Hpc(s) = Kp + XS (3)
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Fig. 1. Schematic diagram of ES with power flow across DC bus

At fundamental frequency, magnitude-
frequency response of the system is zero and is
expressed as[14][15]:

2Krwp(jwe) 1 | _
20 lOg |(—wcz+2wb(jwc)+w12) jwcL -

(4)
As w. > w4, by successive approximations Eq.
(4) becomes:

Kp _
20 log |ijL =0 (5)
KP = |jwcL| (6)
ig'=ig _ . G(®
ig- 1+G(s) (7)

At fundamental frequency, steady-state error
in injected grid current (i ) is considered as 7
and is expressed as:

n =242 (8)

lg

Then,n = — 5 9)

So, at w4, open loop transfer function and
phase-response of the PR controller will be
given by (11) and (13) respectively as:

GGopl=-~1 (10)
preoy = ety
d(w) =K, + —52+ZZIZ::-JI'S(A)12 (12)

®(w) = Tan™" (_m:;(;ié;)) -
Tan™! (%) (13)

For stability, ®(w.)> - ®
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Or, {Tan™?! (M> —Tan™?! (ZL(DCZ)} >

w1%-wc? w1%-w¢

-0 (14)
|l;(w12|G(jw1)| —wcl| < K, <
w1t—we —1 [ 2wpw¢
|KP {( 2wWpwe )Tan {Tan (wlzwcz) N q)} N
1}| @s)

According to Eq. (15) minimum and maximum
threshold limits of PR controller can be defined
by Eq. (16) and (17) respectively:

Kr_min.zlL(wllG(jwl)l - wcl
(16)
_ w1Z-w? _1 (2wpwc)
Ky max. = |KP {( 2wpwe )tan {tan (wlzwcz)
o} - 1] (17)
Evaluating (16) and (17) yields to:
Ky min. =149 and K, 1,4, = 2000.

1II. SIMULATION RESULTS

A. Design of PR controller

System parameters taken for simulation are
given in Table 1. Cut-off frequency is always
less than one-tenth of the switching frequency
[10], thus cut-off frequency is selected to be
1000Hz.

Table 1. System Parameters

Name Value
Switching Frequency 10 KHz
Fundamental frequency 50 Hz
Grid Phase voltage 230V

L filter inductor 6 mH
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Fig. 4. Open-loop performance of PR controller
at various cutoff frequencies, Kr

An increase in cutoff frequency widens the
bandwidth, as illustrated in Fig. 4(a), Fig. 4(b)
and Fig. 4(c). [t can be increased further with the
increase in Kr value from 400 to 2000. For a
particular resonant term, the peak amplitude
remains the same irrespective of the changes in
cut-off frequency, whereas this magnitude
increases with increase in Kr value. For K= 400,
peak amplitude is around 53db and it is
increased to about 66 db for Kr=2000. The same
is illustrated in Fig. 5(a), Fig. 5(b) and Fig. 5(c).

o
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Fig. 5. Open-loop performance of PR controller
at various Kp, L values

Fig. 6 shows the perfect tracking of the injected
grid current in 4ms by the PR controller to the
variations in the reference current at t=0.1 sec.

Fig. 6. Grid voltage (scéied down) and injected
current when reference current is increased
from 5 A to 10A at t=0.1 sec.

The current tracking ability by the designed PR
controller is compared with PI controller. PR
controller demonstrates a superior
performance with reduced ripple in converter
current and faster tracking of grid current as
demonstrated with FFT Analysis in Fig. 8(a), (b).
%THD is 4.54 with PI controller and it is
reduced to 4.16 with PR controller.
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Fig. 7. Current tracking by PR controller for
step change in grid current
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Fig. 8. FFT Analysis of Grid current with PI, PR
controllers

B. Design of DC link voltage control loop
Table 2. Parameters of DC link voltage
control loop

Parameter Value
Maximum load variation, Vjc(max) 200
Watts
Filter delay time, T, 0.02 sec
: . 400
DC-link capacitor voltage, C,, Volts
Voltage variation in the DC-link 0.01
capacitor, AVg¢(max) Volts
DC link capacitance, Cy . 4;3:0
Filter inductance, L, 2mH
Filter capacitance, C, 20 uF

C. System performance

In this case, power tracking operation of ES with
back to back converter under steady state and
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dynamic conditions is analyzed. Reference
power of 8 KW is given to ES system.

Tracking of Refefence Power

1 1 3 4 H ]
Fig. 9. Performance of ES for constant
reference power
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Fig. 10. Performance of ES for change in
reference power from 8 to 2 KW

Critical load 2 of (16Q + 0.2 mH) is connected
in parallel to the existing critical load 1 of the
same value. Load 2 is connected from 2 to 4
seconds. Fig. 11 highlights that ES seamlessly
tracks the reference power under dynamic load
changes. Similarly performance of ES for
change in Non-critical loads is demonstrated in
Fig. 12.
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Fig. 11. Performance of ES for change in
critical load
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Fig. 12. Performance of ES for change in Non-
critical load

IV. CONCLUSION

This paper presents a detailed diagnostic
approach to the design of a Proportional
resonant controller for a single-phase grid
connected system with Electric Spring. Broad
studies in design are analyzed using bode
diagrams for various PR controller parameters.
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It was demonstrated that ripple content in grid
current is reduced with PR controller than a
conventional PI controller. Simulation results of
Electric Spring with PR controller have
indicated effectiveness to track reference power
for fixed and variations in reference power, and
dynamic load changes.
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