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Power Quality Improvement in a Single-Phase Energy
Management System Operating in Islanding Mode

Giovanna Oriti
Naval Postgraduate School
Monterey, CA, USA

Alexander L. Julian
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Abstract— A power electronics-based energy management
system (EMS) controls sources, energy storage and loads to form
a microgrid. It includes an inverter to interface the DC bus with
AC loads (or AC sources in the case of a grid connected system)
and DC/DC converters to interface sources and energy storage to
the DC bus. This paper presents the power quality analysis for an
EMS operating in islanding mode, with batteries as back-up power
for critical loads. Possible applications for this architecture are
remote military camps and shipboard power. A novel control
scheme with repetitive control and active damping is shown to
meet the requirements demanded by MIL-STD-1399 for
distribution of shipboard AC electric power.

Keywords—energy management system, single-phase microgrid,
power quality, repetitive controller, active damping.

I. INTRODUCTION

Over the last two decades, motivated by the global
requirement to reduce fossil fuel consumption and carbon
emission, energy management and energy efficiency have
become top priorities and attracted much research interest. In
addition, for critical electrical installations such as military
bases, chemical processing apparatus and health care facilities,
energy saving must be only considered while the electricity
supply is guaranteed at all times. Furthermore, advances in
semiconductor devices and micro-controllers have brought
power electronics based energy conversion systems to the level
of maturity that is required to be fully transferred to modern
industrial applications.

A power electronics based energy management system
(EMS) was recently introduced [1] with particular focus on its
application in remotely operated military camps [2][3],
demonstrating continuity of service to critical loads and fuel
consumption optimization, among other functionalities. When
operating in islanding mode, the EMS used a simple and
effective open loop control to create single phase AC voltage for
the AC microgrid. In this paper we focus on a novel repetitive
control which, combined with active damping, achieves improved
power quality at steady state and also during transients, particularly
when non-linear loads are connected to the microgrid.

Many control methods exist in literature for single phase
grid-forming inverters, as summarized in [4]. Solutions using a
repetitive controller (RC) in both single-phase and three-phase
inverters were proposed in [6]-[11]. The voltage control strategy
presented in this paper and in [5] is novel because it builds on
open loop PWM, adds RC and also active damping. The
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combination of these three control elements has not been
investigated in previous literature for a power electronic system
such as the EMS. The analysis in this paper demonstrates that the
proposed control method achieves an output AC voltage THD
lower than 1% even in the presence of various non-linear loads.
The stability margin and transient response are also investigated.

The work presented in this paper complements the research
recently published in [5]. In particular, this paper focuses on
analyzing additional scenarios of non-linear load service, system
stability and comparing the voltage THD obtained with the new
control method to MIL-STD-1399 [13], which is critical for
military operations on ship and on shore.

II. EMS ARCHITECTURE AND NEW CONTROLLER

A. EMS Architecture and Functionality

The EMS architecture is illustrated in Fig. 1 for use in a remote
military camp application featuring photovoltaic (PV) panels and
hybrid energy storage system (HESS) including batteries and
supercapacitors. The DC bus receives power from the HESS and
the PV source, as well as other DC sources that may be available.
This DC bus could also feed various DC loads, making the
microgrid a hybrid DC and AC microgrid. A typical remote camp
includes diesel generators feeding the AC bus [12], however these
sources were removed from the schematic in Fig. 1 because the
focus of this paper is the islanding mode of operation, when all AC
sources are disconnected or unavailable and the H-bridge inverter
is the sole source of AC voltage for the AC loads, deriving its
energy from the EMS DC bus.

DC B: H-brid oo
e Critical
Buck/
Boost loads
—
Converter _| _1 . .
lems  lipad
AT >
Buck/ Vac | +l
Boost ™| T Vems
Converter
Load scheduling
Buck _| _|
Converter [ | .
Noncritical
o £ 4
MPPT || DCBus || H-bridge loads
and HESS | | Controller || gate signal;
EMS FPGA control and logic

Fig. 1. EMS architecture and schematics.
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The control systems for the DC/DC power converters and
the H-bridge inverter are implemented in a field programmable
gate array (FPGA), together with the energy management
control logic which includes load scheduling and peak shaving
[17 [2] algorithms. Critical loads are those loads that must be
powered at all times to guarantee the success of the military
operation, whether it is on a remote camp or on a ship. On the
other hand, non-critical loads are not mission-critical and can be
shed if an emergency in power supply occurs. The power
electronics-based EMS controls active and reactive power flow,
manages the loads to ensure that critical loads are prioritized
over other loads, maneuvers the microgrid in and out of
islanding mode depending on availability of the AC sources.

B. Control System with RC and Active Damping

This paper focuses on the H-bridge inverter controller, which
must ensure output AC voltage to the loads while meeting the
power quality requirements in the military standards. In this
paper we compare the output voltage power quality to the
requirements established in MIL-STD-1399 section 300B [13].
This military standard “establishes electrical interface
characteristics for shipboard equipment utilizing AC electric
power to ensure compatibility between user equipment and the
electric power system.” The EMS system depicted in Fig. 1
presents a case of islanding mode of operation which is
applicable to shipboard power systems as well as remote
military camps. For shipboard power the PV interface is not
included, however other DC sources may be connected to the
DC bus. The AC interface is applicable for single phase AC
power distribution in either ships or remote camps.

In previous work [1] the H-bridge inverter portion of the
EMS featured an open loop voltage controller for islanding node
of operation. In general, the islanding mode occurs when the
main AC source is de-energized, unavailable or disconnected as
requested by the user to reduce power consumption at peak
hours. Fig. 2 shows the open loop control algorithm
implemented for the islanding mode operation.

The amplitude of the AC voltage, vens*, is set to 110V RMS.
The electrical angle, 6, is defined by integrating the angular
frequency @ of 2m-60 rad/sec. The unipolar pulse width
modulation (PWM) is applied for the H-bridge inverter signal

generation. Due to the inherent nature of open loop control, this
control approach does not compensate for RMS output voltage
deviations, reduce harmonic distortion or provide any active
damping. Therefore, to meet the power quality requirements in
MIL-STD-1399, a high performance closed loop control
solution is necessary.

4@—> PWM
o= i e |

Fig. 2. Open loop control approach for EMS islanding mode.

*

H-bridge
gate signals

vems

Thanks to the widespread use of low cost digital controllers,
repetitive controllers have become very popular among
researchers [14]-[19] as a promising solution for feedback
control systems that are subject to periodic signals. Based on
the internal model principle (IMP) [20], an RC computes the
error signal of the past period of a waveform and uses the
outcome to improve the control performance of the present cycle
of the waveform. Theoretically, zero steady state error can be
achieved even in the presence of model uncertainties, as long as
the closed loop repetitive control system is properly designed to
meet stability criteria.

The proposed control system combines a direct repetitive
controller with a feedforward term and active damping as
pictured in Fig. 3. The RC block is highlighted inside a box, the
active damping function is H(z) and the feedforward term has a
gain 0f 0.0049 and is added at the bottom of the summing block.
Inside the RC block, the variable kgc is the repetitive learning
gain, 2% is the delay line where the system sampling rate N is
290 times the fundamental frequency of 60Hz which is 17.4
kHz. The transfer function for the robustness filter Q(z) in Fig.
3is:

3 wAt(z+l)
02 = 0 e+ (v —2) W

_ 1
where @ = 274000 and Ar = %7.4“_]2.

27 0(z)-2° ¥ +

0= |wdt—>» sine(6 .
foa—{ome@ | ke
Vems*l > X > b ++
0()
I\
004

10 - =60 1

Fig. 3. AC voltage control system with RC and active damping.
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The robustness filter is a low-pass filter and the gain is below
unity so that the RC controller will not feedback 100% of its
output. A time advance unit, i.e. z°, is implemented in series with
O(z) as the stability filter, which is employed to stabilize the
whole control loop after the inclusion the RC and active
damping function. It is worthy to note that the repetitive gain
krc, stability filter and robustness filter are coupled, so their
selections are coupled. Reference [5] includes details of the RC
design and transfer functions.

The high-pass filter H(z) on the EMS voltage implements
active damping. The s-domain transfer function is transformed
to the z-domain using the bilinear z transform. The high pass
filter feeds back a signal that leads the voltage by almost 90°
near the resonant frequency of the LC filter. The transfer
function in the discrete domain is

B .0080z° +.0003z —.0077
z +.7478z +.1323

H(z)

The feedforward term is included to overcome the first RC
null output, which occurs when RC is first enabled. The gain of
0.0049 is calculated using a PWM modulation index 0.77 on a
200V DC bus to obtain 110 V rms AC output voltage.

@)

0.77
110~\/§

The transfer function G(z) is the plant G,(s), transformed to
the z-domain, including a zero order hold, as represented by the
equivalent circuit in Fig. 4 [5]. In (5) z means the z-transform.

=0.0049 3)

B
ridge LCs? +[R“"C+RMJS+£R,;; +1]
G(z)z{l‘j_“ G, )}zz GIT(S) (1=e™),_©
L Reg
— Y
* : Rioaa
VH-bridge ¢ Vems 3

Fig. 4. H-bridge inverter output filter equivalent circuit.

V(z)

0.00491G - dH -dQ-z" —0.0049nG - dH - nQ + k, .nQ -nG-dH - z°

III. CONTROL SYSTEM STABILITY ANALYSIS

A. Closed Loop Pole-Zero Map
The closed loop transfer function for Fig. 3 is

0.0049G(z)+{k"'Q(Z)ZN+5}G(z)

/(e) 1-0(z)= " ©)
(2) 1+H(Z)G(Z)+{/€1”;QQ(2)ZZN}G(Z)

The numerator and denominator polynomials for the transfer
functions that comprise the system are shown in (7) at the
bottom of the page, where the lower case n denotes the
numerator polynomials and ¢ denotes the denominator
polynomials and the argument (z) has been dropped. The
characteristic equation in (7) is a polynomial of order 296. This
is due to the 290 sample delay added by the RC controller. Most
of the eigenvalues are at the edge of the unit circle but they are
all inside the unit circle. Fig. 5 shows the eigenvalues of (7) with
the parameters listed in TABLE 1. The eigenvalues move little
as the load resistance changes from 5 W to 9 kW as shown in
Fig. 5 and Fig. 6 which demonstrates stability over a wide range
of load conditions. Another observation is that the eigenvalues
at high frequency, i.e. the ones around point (-1, 0), have been
pushed towards the unit circle slightly. This is mainly due to the
robustness filter Q(z), which effectively improves the closed
loop system noise immunity at high frequency.

1

08+
06+
04+

0.2

-1 -0.5 0 05 1

Fig. 5. Roots of the characteristic equation, active damping gain at 100%, SW
load (Rload=2.42k Q)

S
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Fig. 6. Roots of the characteristic equation, active damping gain at 100%,
9kW load (Rload=1.34 Q)

TABLE 1. PARAMETERS
RC Parameters Circuit Parameters
Symbol | Description Value Symbol Description Value
N Delay chain 290 Vye DC-link 200V
length voltage level
Stability 5 L Lumped
G2 filter z inductance | 00 HH
Robustness C Filter
06) filter @ capacitance 12 uF
£ Sampling | 15 4y b, | R ESR 0.10Q
frequency resistance
. R Load 1.34 -
Fre RC gain 0.0025 resistance 2.42kQ

B. Stability Analysis

The EMS system stability analysis is complex, due to the
combined control structure utilized. The closed-loop system
stability can be examined as follows. First of all, the impact of
the feedforward term on the system stability can be ignored, as
the output of the feedforward term can be treated as an external
disturbance for the remaining control system.

The active damping component is able to mitigate the
amplification effects of the system at high frequency. It has been
designed to keep the system stable for the whole range of load
conditions [5]. It is worthy to note that the inclusion of the active
damping component has altered the control plant seen by the
RC, as expressed in (8).

GPiRC (2)= 6(2)

1+G(z2)H (z) ®

Hence, only the stability of the RC part needs to be verified.

According to the small gain theorem [20], two sufficient
stability conditions for the RC can be summarized as follows:
(a) the control plant seen by the RC part, i.e. equation (8) is
stable; (b) equation (9) is guaranteed for all the frequencies
below the Nyquist frequency ®nyq.

0™ )k, G ("7 )Gy ye(@®™ )| <1 9

211

As discussed above, the first condition has been satisfied
during the design phase of the active damping component. The
second one can be proved by examining the Nyquist locus curve
of (9). The stability filter Gxz) and repetitive gain k.. have been
selected in couple, in order to ensure (9) is always guaranteed
for the whole operating range of the EMS system. Fig. 7 and Fig.
8 show the Nyquist locus curves of (9) with G4(z) implemented
for SW and 9kW linear load conditions, respectively. The
repetitive learning gain has been varied between 0.0025, 0.0075
and 0.015. Clearly, for the selected Gx(z), O(z) and k.. 0of 0.0075,
the magnitude of (9) remains always within in the unitary circle
for the whole operating range, which effectively demonstrates
the control system stability of the EMS system.

1¢ ) T /—r\k\ — T T
Unitary circle -2dB
4 — — — kre=0.0025
08}
krc=0.0075
krc=0.015

-20 dB

Imaginary Axis

0 02 04 06 08 1
Real Axis

Fig. 7. Nyquist locus curve of equation (6) under SW linear load condition
with Gy(z) and kgzc of 0.0025 (red curve), 0.0075 (black curve) and 0.015 (green
curve).

Unitary circle
— — = krc=0.0025
krc=0.0075
krc=0.015

-6d

-20 dB

Imaginary Axis

Real Axis

Fig. 8. Nyquist locus curve of equation (6) under 9kW linear load condition
with Gy(z) and kgc of 0.0025 (red curve), 0.0075 (black curve) and 0.015 (green
curve).
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IV. EXPERIMENTAL SET UP AND MEASUREMENTS time domain waveform indicates the presence of noticeable low
frequency harmonics. To clarify the difference between the two
voltage waveforms, their spectra are plotted in Fig. 12, clearly
showing the effect of RC on the low frequency harmonics.

A laboratory prototype was designed and built to
demonstrate the functionality of the proposed control system.
The hardware, depicted in Fig. 9, includes a Xilinx FPGA Virtex
IV development board and two custom printed circuit boards 10 ' ‘
(PCBs). The bottom large PCB includes the DC/DC converters,
the H-bridge inverter, power supply, current and voltage sensors
and optocouplers. The interface PCB, mounted on top, includes
TTL level-shifters and A/D converters. It also receives inputs
from the relay that connects or disconnects the non-critical
loads. More details about the hardware prototype can be found
in [1] and [5] e 0 ‘01 0 615 oluz 0(;25 0 Bs 0635

10 T
Yemsre!20
5 — lemsre
=
= oo
=
-5
10 i i \ . i i
0.01 0.015 0.02 0.025 0.03 0.035
tima el
Time

Fig. 11. Experimental mesurements: output voltage and EMS current
waveforms with open loop PWM (Vems) and the proposed RC-based control
system (Vemsrc)-

Power Electronics PCB

. : \ | v

including power supply and | - o : s Vems |

voltage/current sensors N -y ) ! ; — Vemsre ]
— ek \ i

Fig. 9. EMS laboratory prototype and description.

The EMS was connected to a single phase diode rectifier
and other inductive loads as shown in the circuit of Fig. 10. The
experimental waveforms in Fig. 11 and Fig. 12 were acquired
for this experimental set-up with the parameters listed in
TABLE L.

L Lioad * 107
[ Y\ > 19uF
—> p— 400Q2
Lems
+
107
+
R Y\

volts

Time
C == Vems . , .
VH-bridge N Fig. 12. Experimental mesurements: output voltage spectrum with open loop
4 omH PWM (Vems) versus the proposed RC-based control system (Vemsrc)-
0.5Q :E 60 Q
h V. MODELING AND SIMULATIONS
229 mH . . .
The physics-based model of the EMS-controlled microgrid,

featuring the proposed control system, was implemented using

Fig. 10. Experimental set up for laboratory measurements. Simulink software. The model was validated by comparing the
simulated waveforms to the experimental waveforms presented

The H-bridge inverter output voltage and current are  in the previous section. The simulated waveforms presented in
displayed at steady state in Fig. 11, with linear and non-linear Fig. 13 and Fig. 14 match quite well the experimental
loads, for open loop PWM and the new control method. While  waveforms in Fig. 11 and Fig. 12. It is important to observe that,
the current waveforms are very similar, the voltage waveform  whereas open loop PWM does not regulate the fundamental

for vems with open loop PWM clearly shows a notch, which is voltage amplitude at all, the RC controller simulation predicts
not present when the new controller is used. The notch in the that the 60 Hz error is less than 0.1%.
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emsRC
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Fig. 13. Simulated output voltage and current with open loop PWM (top) and
the new control system (bottom).

2L
10 = VemsPwM
vemsRCdamped
101 L 4
@
°
= 10%¢ 3
107 €
107 ‘

102 10° 10*
frequency [Hz]

Fig. 14. Output voltage spectra with open loop PWM and the new controller.

The Simulink model, validated experimentally, can be used
to simulate the performance of the system in different scenarios.
The switching frequency has been increased to 35 kHz and the
filter components have been decreased (Cin = 8 WUF, Liier = 550
UH) to see how the output voltage quality degrades with a
nonlinear load as described in MIL-STD-1399 section 300B
paragraph 5.2.9.1 for loads exceeding 1 kVA [13]. A linear LR
load is connected in parallel to the diode rectifier. The load
current spectrum and the MIL STD limits for open loop PWM
and RC control are shown in Fig. 15. For this simulated scenario
the open loop PWM easily meets the voltage harmonic distortion
requirements in the MIL STD where each individual harmonic
is required to be less than 3% of the fundamental [13]. Note that
although the current harmonics generated with open loop PWM
fall below the limit, they are not far from the limit, whereas the
current harmonics generated with the proposed controller meet
the military standard limits comfortably.

The output voltage waveforms simulated in this scenario are
displayed in Fig. 16 and Fig. 17 in the frequency and time
domain respectively. The voltage distortion is substantially
reduced by the RC controller and active damping as shown in
the spectra plotted in Fig. 16. Note that both low frequency and
high frequency harmonics are substantially reduced by the new
controller for this simulated scenario. The time domain
waveforms for this simulated scenario are shown in Fig. 17,
where the advantage of the proposed control system is
highlighted by the reduced ripple in both voltage and current.

It is also important to note that the PWM duty cycle was
manually adjusted so that the fundamental voltage could reach
the desired amplitude. This, which is due to the nature of the
open loop controller, is clearly not desirable when the EMS
operates a microgrid. The RC controller, on the other hand,
ensures full control of the amplitude of the fundamental.

Rectifier current harmonics RC
T T

0.8
0.6
04r
0.2

Peak Amplitude

10! 10? 10° 10
frequency [Hz]
Rectifier current harmonics PWM

086
0.4+

Peak Amplitude

o
o

10" 107 10* 107
frequency [Hz]

Fig. 15. Load current spectra with proposed controller and open loop PWM
versus MIL-STD-1399 limits.

10°7 —
10"
% 10°
107" / ‘ il
0 il \J\' U H |‘l l

10° 10*
frequency [Hz]

Fig. 16. Output voltage spectra with proposed controller vs. open loop PWM.

Authorized licensed use limited to: NPS Dudley Knox Library. Downloaded on September 16,2020 at 18:07:20 UTC from IEEE Xplore. Restrictions apply.



V], [A]

ms.’ﬁ (filtered) /

i
ems

0.19

-40 '

0.17 0.195 0.2

0.185

0175  0.18
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0185 019 0.195 0.2

time [s]

017 0175 0.18

Fig. 17. Time domain EMS voltage and currents for the simulated scenario:
open loop PWM (top) and new controller (bottom).

VI. CONCLUSION

This paper presents the stability and power quality analysis
of an EMS-based military microgrid in islanding mode of
operation. The output voltage synthesized by the EMS H-bridge
inverter meets the requirements imposed by MIL-STD-1399
section 300B [13], thanks to the adoption of a novel control
scheme. The new controller, obtained by combining direct RC,
active damping and a feedforward term, demonstrates stability
for a wide range of loads and also a low THD that meets the
military standard’s limits. Experimental validation of a
Simulink model combined with simulated waveforms,
demonstrate compliance with the military standard.
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