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Use of Integrated Photovoltaic-Electric Spring
System as a Power Balancer in Power
Distribution Networks

Tianbo Yang
Siew-Chong Tan

Abstract—Electric springs (ES) have been proposed as a
demand-response technology for improving the stability and power
quality of emerging power systems with high penetration of inter-
mittent renewable energy sources. Existing ES applications mainly
involve the regulations of grid voltage and utility frequency. This
paper reports a power control and balancing technique for a new
integrated configuration of ES and photovoltaic (PV) system, and
discusses its possible use to achieve dynamic supply—demand bal-
ance in power distribution networks. The proposed system enables
delivery of maximally harvested PV power to the grid via the ES,
and concurrently controls the active power consumption of its ES-
associated smart load so as to achieve supply-demand power bal-
ance of the overall system in real time. Importantly, battery storage
is not necessary in the proposed design because the ES-associated
smart-load power follows an appropriate consumption profile to
compensate potential prediction errors of the PV power gener-
ation. Both simulation and experimental results are included to
validate the proposed ES system.

Index Terms—Demand-side management, electric springs (ES),
photovoltaic (PV) power generations, power imbalance.

I. INTRODUCTION

ITH increasing awareness on global warming issues and
W energy crisis, different forms of distributed energy re-
sources (DER) such as photovoltaic (PV) power generations [1],
[2], micro wind turbines [3], [4], electrical vehicles (EV) [5],
[6], and fuel cells [7], [8], have been deployed into power grids
over the last decades. With the advantages of a rapidly reduced
cost and no rotational parts [9], [10], PV power generation sys-
tems have become an important distributed generation (DG) in
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low-voltage distribution networks (LV-DNs) for residential and
industrial applications [11], [12]. Distributed PV power gener-
ation systems are currently growing at an unprecedented speed.
In the past decade, the global PV power capacity has surged
from 6 GW in 2006 to more than 300 GW in 2016 [13]. In 2016,
the residential PV market of USA, which contributes 17% of its
annual PV installations, increased by approximately 95 times
as compared to what it had in 2005 [14]. According to Inter-
national Energy Agency, the global PV capacity is expected to
reach 740 GW by 2022 [15].

The high penetration of distributed PV power generation sys-
tems in LV-DNs inevitably challenges current ways where the
traditional distribution grid is planned and operated. The tra-
ditional infrastructure of the power distribution networks is
designed to accept only unidirectional power flow from the
substation to the households [16]. However, with the distributed
PV power generations adopted in LV-DNs, there is a potential
reversal of power flow from households to a substation due to
the excessive PV power that may be generated in sunny day-
time [10], [17]. Substantial reverse-power flows could cause the
problems of over-voltage [18] and grid voltage fluctuations [8].
Such problems may result in incorrect operation of protective
devices, damage of grid-tied equipment, reduction in system re-
liability and utility frequency stability, and even power blackouts
[8], [10], [18], [19]. In summary, excessive voltage rise and the
supply—demand power imbalance are two emerging problems in
increasing deployment of distributed PV systems to the power
distribution networks. Various solutions have been suggested to
overcome the over-voltage or power imbalance problems. These
solutions can be categorized into: 1) the traditional tap-changing
approaches, 2) the reactive power compensation, 3) the PV
power generation curtailment, 4) the adoption of battery energy
storage systems (BESS), and 5) the demand-side management.

1) Traditionally, the distribution network operators (DNO)

have deployed voltage control devices, such as on-load
tap changer (OLTC) transformer and step voltage regu-
lator (SVR), to maintain voltage profile and to alleviate
the voltage-rise issues. However, these devices are origi-
nally designed to control the voltage within the nominal
voltage range [12]. With mechanical parts involved, they
cannot respond quickly to fast voltage fluctuations caused
by sudden power reversal [20]. Hence, they have to be

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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coordinated with other technologies in the power distri-
bution networks with substantial PV power generations.

2) Reactive power compensation implemented on the PV in-
verters is a common method to alleviate the voltage rise
issue in distribution networks [21]. For instance, the adap-
tive adjustment of the amount of reactive power injected
from PV inverters is proposed in [22]. The limitation of
this approach is that although the over-voltage problem
can be mitigated, the real power imbalance between the
supply and demand side cannot be handled.

3) Limiting the harvested PV active power is more effec-
tive than the reactive power control when regulating the
grid voltage in power distribution networks [23]. The real
power capping method has been proposed in view of pre-
venting overvoltage by adaptively setting the power caps
for PV power generation systems in real time [24]. A re-
mote power controller is required to be installed in PV
units for the curtailment of harvested PV power in accor-
dance with the control signal received from the DNO [14].
The major drawback of this approach is that the energy
harvesting capacity of the PV system is not fully utilized.

4) To maximize the amount of PV power generation, the
integration of BESS overcomes the shortcoming of the PV
active power capping approach. Also, BESS can be used
for grid voltage regulation [25], [26], peak load shaving
[12], and compensation of the fluctuating PV power [27].
However, this approach involves a massive deployment of
batteries that induces environmental concerns [28]. Also,
the high cost of batteries is another concern [29].

5) The demand-side management (DSM) has been found as
a popular approach for solving various issues in emerg-
ing smart grids. The dynamic electricity pricing scheme,
such as a time of use (TOU) pricing scheme [30] or an
autonomous energy consumption scheduler [31], is acom-
mon method to realize the DSM. Studies based on such
approaches have validated that DSM can play a role in re-
ducing peak demand and mitigating supply—demand im-
balance under normal conditions [30]-[32]. But pricing
scheme is not an effective DSM method at extreme condi-
tions. The recent power blackout in South Australia (when
the temperature rose above 40 °C) is an example because
consumers continued to turn ON their air-conditioners even
if the electricity price was high [33].

This paper provides a DSM application based on electric
springs (ES) to enhance the supply—demand power balance in a
power distribution network. The original use of ES mainly fo-
cuses on grid voltage and frequency stabilization [34]-[36]. In
the subsequent research works, the use of ES, via different cir-
cuit structures, has been extended to achieve more sophisticated
functionalities. There are three primary types of ES proposed,
namely the original ES (ES-1), the ES with battery (ES-2) [37],
and the back-to-back ES (ES-B2B) [38]. Connected to a noncrit-
ical (NC) load in series, ES-1 can provide reactive power com-
pensation directly and manipulate the active power consumption
of the NC load indirectly. ES-2, which is built upon ES-1 but
comprises battery storage, is able to provide bidirectional active
power flow and thereby greatly broadens the operating range
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Fig. 1. Simple power grid with a conventional PV system installed. (The
zigzag arrows indicate the uncertain power generations while the normal arrow
indicates a stable power consumption.)

of ES. ES-B2B concurrently adopts a shunt (coupling with the
grid) and a series ES (connecting the grid and the NC load).
In such a way, the ES-B2B not only saves the cost of battery
storage in ES-2, but also further expands the operating range
of ES.

The new proposal in this paper integrates a distributed PV
power system into an ES and its associated NC load to form a
combined PV-ES system. Same as the original ES, the proposed
PV-ES system still performs the DSM by essentially adjusting
the voltage of the NC load. But different from all of the men-
tioned ES systems, this PV-ES system forms a new configuration
in which the PV power is maximally harvested and the active
power consumption of the system is precisely controlled by a
new power flow control method. The PV-ES system can be used
for compensating the integrated PV power with intermittency
and balancing supply—demand power at the same time.

The main contributions of this paper are listed as follows:

1) An automatic and real-time DSM device integrating a PV
system into an ES with an NC load to form a PV-ES
system is proposed.

2) AnES-associated smart load is constructed within this PV-
ES system. The active power consumption of this smart
load can be adaptively adjusted in order to reduce supply—
demand power imbalance.

3) A power-flow analysis and control scheme for this PV-ES
system are included. The control method can precisely de-
liver the harvested PV power to the grid while accurately
vary the active power consumption of the PV-ES system.
In this way, a new solution against the intermittency of
PV power is provided.

4) Battery storage is an option but not a necessity in the
proposed PV-ES system. In this paper, the control method
of the PV-ES system is evaluated without involving the
usage of battery storage. Hence the costly batteries and
the environmental concerns are avoided.

II. POWER FLOW CONTROL ON PV-ES SYSTEM

A schematic of a PV system connected to the point of com-
mon coupling (PCC) is shown in Fig. 1. The power grid is
represented as a power source V; including a distribution line
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Fig. 2. Deviation between predicted and actual power genera-

tion/consumption. (a) PV power. (b) Demand-side power.

Z on the supply side. A load I?; and a PV system as shown
in Fig. 1 are considered on the demand side. V, denotes the
voltage RMS magnitude of PCC. The PV system is made up of
a PV panel array, and an interfacing power inverter that converts
and transfers the harvested renewable power (P,,) to the power
grid. The load R;, consuming a real power P;, represents the
power consumption on the demand side.

The PV power generation at the demand side is predicted as
B,y ref, and hence an expected supply-side power reference is
estimated (Pg Ref = P — vaiRef). Due to the uncertainty of the
PV power generation, the PV power prediction is a great con-
cern for the operators of the energy management in electricity
networks with high integration of PV power. Accurate forecast-
ing based on real-time measurements and records is helpful for
operators to reduce the impact of the variability of PV power on
the grid, and to improve the grid reliability [39]. However, such
kinds of forecasting are easily influenced by the external condi-
tions (such as the weather, temperature, and presence of dust).
Therefore, the intermittent nature of PV generation still leaves
inevitable errors between the predicted power (vaiRef) and ac-
tual power (P, ). Since the supply-side reference is based on the
forecasting, such errors cause the power imbalance between the
supply and demand sides. Fig. 2(a) shows a sketch of the devi-
ation between the predicted PV power and the actual harvested
PV power in a period of 24 h (the deviation in practice will be
more frequent and typically more severe). For the simplicity of
the analysis, consider that the power (P, ) consumed by the load
R, is constant, the predicted (Py rer) and the actual (P,) power
consumption on the demand side are plotted in Fig. 2(b), which
corresponds to the PV power, as shown in Fig. 2(a). The shaded
areas depicted in Fig. 2(a) and (b) illustrate the power imbal-
ances of the harvested PV power and the demand-side power
due to the errors, respectively. Both the over-power and under-
power estimation can lead to supply—demand power imbalance,
which could cause further power stability issues.

As a supply—demand power balancer, the proposed PV-ES
system, as shown in Fig. 3, consists of a PV panel array, a PV
converter, an ES, and an NC load. In the usual PV harvesting
process, the dc power output of the PV converter forms the dc
voltage for the ES. The equivalent impedance of the NC load is
denoted as Z,,.. The remaining loads (not including Z,,.) in this
power grid can be combined into a single critical load denoted as
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Fig. 3. Simplified diagram of the PV-ES system.
Z,;. In this paper, we assume a heating or cooling system, which
is purely resistive, as the NC load. With the characteristics of

1) being readily available throughout the 24-h timeframe,

2) having a great storage inertia in for buffering voltage fluc-

tuation, and

3) being a widespread appliance commonly available in most

of the buildings, such thermal loads are ideal NC candi-
dates for ES applications.

The complex power consumed by the ES, the NC
load, the critical load, and the ES-associated smart load
are, respectively, denoted as Ses = Pos + jQes, Sne = Pue +
an07 Scl =Py +chls and Ssl =Py +stl (all SyIIlbOlS
stand for magnitudes). For the ease of explanation in the sub-
sequent analysis, the critical load is also chosen to be purely
resistive (Qnc = Qo = 0).

There are two main objectives of using such PV-ES config-
uration. First, the ES should regulate the demand-side active
power to be a desired value (a value determined by the up-
per level to maintain a constant power consumption for power
balance, or to adjust the power consumption to participate in
voltage/frequency regulation, etc.) irrespective of the fluctua-
tion of the PV power generation. Second, the PV system and the
ES should collaborate properly in such a way that the system can
transfer the intermittent PV power to the grid without the need
of battery storage. To handle the desired PV power delivery and
to adaptively regulate the power consumption of the smart load
simultaneously, two power references, 1) the ES active power
reference (Pesref) and 2) the ES-associated smart-load active
power reference (Pyrer) are required in the proposed control
strategy. Based on the assumption that the power loss of the
power converters is ignored in the analysis, and the fact that
the PV converter is linked to the ES converter, as shown in
Fig. 3, the amount of the harvested PV power (P,,) should be
equal to that of the ES active power delivered to the power grid
(—P,).!

In the proposed control scheme, the power consumption of
the ES-associated smart load should be adjustable irrespec-
tive of the PV power fluctuation. The operation point of the
ES with a given value of P;; can be derived based on the

! According to the S, defined, the negative polarity of the ES active power
indicates that the active power is transferred from the ES to the power grid, and
vice versa.
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radial-chordal decomposition (RCD) method [40]. To illustrate
how the regulation can be achieved, an arbitrary phasor dia-
gram of the smart load is shown in Fig. 4, where V¢, Vo, Vese,
and I, respectively, stand for the RMS magnitudes of the ES
voltage, the radial component of the ES voltage (always in par-
allel with V;,.), the chordal component of the ES voltage, and
the smart-load current (the same as the NC-load current). 6,
is the deviation between power factor angles of the smart load
(¢s;) and the NC load (¢,,.. ). As the NC load is purely resistive,
(¢ne = 0), 0, is equal to the power angle of the smart load in
this analysis. According to the circuit configuration shown in
Fig. 3, the smart-load active power can be expressed as

- ‘/;257‘)2
ch

(Vg = Vesr) Vs

P, =V,
L.

COs d)sl = Pes + COS d)nc

(1)

and the apparent power of the smart load can be described as
Vy — V;’sr
Ssl—\/m—vg[(gz“)}. 2)

Rearranging (1) and (2) leads to

ch COS ¢n(t
2
Vy

ch COos ¢nc

P@IQ*
sl 2
Vy

Przs = - Q512 + Psl (3)
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where P, is a paraboloid function of P, and Qg in a three-
dimensional P;; — Qg — P, space. Fig. 5 shows a plot of an
arbitrary normalized paraboloid function of (3) for illustration.

With regard to (3), a given ES active power (P.,) corre-
sponds to a set of defined combinations of the ES-associated
smart-load active and reactive power (Ps; and ()g;). This set
of combinations formulates an operating locus of Py; and @)y;.
This operating locus can be visualized, for example, by consid-
ering the interception points between the plane P,, = —0.5 p.u.
and the paraboloid function in (3) as indicated in Fig. 5. To
adjust the real power consumption of the smart load, the Py;
plane (the pure-colored vertical plane) can move forward and
backward along with the P;;-axis to a required position. At the
same time, to deliver the PV power, the P, ; plane (the horizontal
plane with grid) can move downward from P.; = 0 to obtain
a negative value of F,;. Such two planes and the paraboloid
surface intercept at two points, which indicates two feasible op-
erating points of the PV-ES system. Therefore, given a specific
set of P.; and P, the proposed power-flow analysis can be
used to locate a pair of feasible values of the smart-load reactive

power (Qg;).

III. DESIGN OF PV-ES SYSTEM

Based on the methodology proposed in Section II, the details
on the design of the power stage, the controller, and the voltage
closed loop are provided in this section.

A. Power-Stage Design

The power-stage schematic of the proposed PV-ES system
is shown in Fig. 6. The PV interfacing power converter is im-
plemented by an active clamp flyback dc/dc converter, which is
used for harvesting PV power with maximum power point track-
ing (MPPT) control and stepping up the PV panel voltage (V},,)
to be the dc-bus voltage (Viys). As shown in Fig. 6, the circuit
components 77, S,2, C1, and Dy form a conventional flyback
dc/dc power converter. C, and S,; are added to the converter
as an active clamp circuit. In addition, Dy and Cy are added
to form a voltage multiplier circuit, which doubles the voltage
conversion ratio. The input voltage (V},,,) and input current (1,,,,)
of this flyback converter are sensed to achieve MPPT.

The ES is realized by a conventional half-bridge dc/ac power
converter, which composes Cy1, Cya, Sp1, and Spo. The dc bus
of the ES is connected to the output of the PV interfacing power
converter, while the ac port of the ES is connected between PCC
and the NC load (Z,,.). Ry1 and R,y are added to the power
stage of the ES (where R;; = Rj2) to avoid capacitor voltage
imbalance on Cj; and Cys. Real-time voltages of Vi, Ve, and
Vj, are sensed and used for the purpose of feedback control. The
auxiliary dc power supply for the DSP, sensors, and driver ICs
are obtained from the grid ac power, of which the details will
not be discussed.

B. Controller Design

The controller design of the PV converter and the ES is dis-
cussed in this section. Both the controllers are implemented in
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Fig. 7. Control scheme of the PV-ES system.

a single DSP controller TMS320F28069. The control block di-
agram of the PV-ES system is shown in Fig. 7. For the PV
converter, the input current (I,,) is regulated by a PI con-
troller. A PV current reference (Ipvaef) is obtained from the
MPPT algorithm. As this paper focuses on the power manage-
ment rather than the solar power harvesting method, simple PV
current-voltage and power-voltage characteristics are consid-
ered (in which there is only one maximum power point on the
PV power curve), and a current-based incremental conductance
algorithm is adopted in this paper for the MPPT control (whose
details are omitted). The output signal of the PI controller is used
to generate a pair of the 20-kHz complimentary PWM signals
(PW M, and PW M,5) for driving the MOSFETs S, and S,2,
respectively.

The control process of the ES voltage controller comprises
three stages, which are the power reference update (Stage I), the
ES voltage reference calculation (Stage II), and the ES voltage
regulation (Stage III).

In Stage I, the ES active power reference, Pes ret, 1S generated
by a PI controller. This PI controller is used to stabilize the
dc-bus voltage by comparing the sensed V4,5 with the constant
dc bus reference (Viusrer) When the PV converter is operating.
Stabilizing V4, requires cooperation of the PV converter and ES.
The fluctuation of Vi, indicates the power imbalance between
the harvested PV power and the real power ES delivered. For

example, if Vi, is higher than Viy rer, it indicates more PV
power is harvested than that of ES delivered into the grid, and
hence the magnitude of P rer increases in order to restore Viys.
Note that when the PV converter is disabled and no PV power is
delivered to the output, the ES provides purely reactive power
only to control P;;. In this case, the dc voltage is not regulated
to Vius_rer but allowed to vary according to the change of V.

In Stage II, the ES voltage reference is determined by calcu-
lating the magnitudes of V., , V.., and 6, from the references
by using (4)—(6), and then being converted into the sinusoidal
form using (7)—(10).

The equations for calculation are derived from (1), and can
be expressed as

P% c'*Pcs, ef Zn,c
‘/csr: ‘/s\/( SRt Ri) (4)
Cos d)nc
Vese = Vg /2 (1 — cosb,) (5)
and
qu,Reonc
0, = ¢pe + 3| ———— | . 6
bn arccos(vg(vg —Vesr)) (6)

Equation (6) indicates that there are two possible values of
0, (i.e., a pair of feasible points of the system). In practice, a
0, leading to less reactive power shift may be preferred, as it
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Fig. 8. Block diagram of the ES voltage control loop.

conducts less transfer of reactive power, and reduces the output
voltage of ES. These benefit the dc-bus voltage control in Stage I,
since the fluctuation caused by reactive power and the voltage-
level requirement on components can be reduced. Choosing
such a feasible operation point depends on the NC load itself.
For instance, if the NC load is capacitive (¢,,. < 0), then 6, is
the sum of the angular components as indicated in (6). In the
condition where Z,, . is purely resistive, both the choices result
in the same level of reactive power shift. Therefore, 6, can be
alternatively chosen for qualitative compensation using either
capacitive- or inductive-reactive power.

With the RCD voltage reference (V. , Vs and 6,) obtained,
the ES voltage reference can be further decomposed into the
d-q frame by using (7) and (8). Finally, the voltage reference in
sinusoidal form is obtained by (10) and used for Stage III

Vesa = Ve cosB, + Ve cos <6‘0—8g2n(6‘0)7r> %)

and

V;SQ = Vesr sin 90 + ‘/esc sin (%—Sgl’W) (8)

2

where sgn(.) is defined as

1,  when z >0

sgn (z) = { ©9)

—1, when x <0

Ves Ref = Vesd cos(wt) + Vg sin(wt). (10)

In Stage III, a single control loop is designed to regulate the
voltage output of ES following the sinusoidal reference signal.
The details of this control loop design and analysis are provided
in the following section.

C. Voltage Closed-Loop Design of ES

The block diagram of the ES voltage control loop, with refer-
ence to Figs. 6 and 7, is shown in Fig. 8, where Z; (s), Z¢ (s),
and Z,.(s) stand for the dynamic impedances of the ES in-
ductor L., capacitor C,,, and the NC load Z,, ., respectively.
Kae, Ga(s), and G, (5), respectively, depict the modulation gain
based on dc-bus voltage, the effect of system delay causing by
digital computation and PWM, and the compensator adopted in
this voltage regulation. The area highlighted with a dashed line
in Fig. 8 indicates the plant structure of ES and the NC load.

Based on Fig. 8, with the input of V; being recognized as an
interference signal, the forward (open-loop) transfer function of
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this control loop can be derived as
_ GC (S) Gd (S) KdCZC (5) ch (8)

Zy, (5) [ch (S) + Zc (8)] + Zc (5) Zne (5)

A proportional-resonant (PR) compensator G, is adopted for
ES voltage control, followed by the system delay G;. The trans-
fer functions of G, and GG, are designed and expressed as

k. - 2w.s

52 4 2wes + wy?’

G (s) Y

G (s) =k, + Gq(s) = e 1515 (12)
where k,, k, ,w,, w., and T} stand for the proportional parame-
ter, resonant parameter, resonant frequency, bandwidth around
the resonant frequency, and the switching period, respectively.
Hence, the closed-loop transfer functions of ES voltage con-

trol can be derived as

Gl (5) * VUes Ref (S)
1+ Gy (8)

= Ves (8).

G1 () Z1 (s) - vy ()
[1 + Gl (S)] [Zm: (5) G(: (S) Gd (5) ch]

(13)

Taking the parameters and specifications provided in Tables II
and III in the appendix as an example, the closed-loop frequency
response above 100 Hz (without compensator G.) is plotted in
dotted lines in Fig. 9. It indicates the system may be unstable
because of the high-frequency resonance. With a PR compen-
sator adopted in the control loop, the output only follows input
reference around the resonant frequency, and greatly reduces the
response to the interference in any other frequency band. The
closed-loop response of the transfer function with a PR com-
pensator is depicted by the solid lines in Fig. 9. Such frequency
responses make the voltage control loop able to implement the
mentioned control strategy on managing the delivered PV power.

IV. SIMULATION RESULTS AND COMPARISONS

In this section, the proposed control methodology is first ap-
plied to a PV-ES system for a period of 24 s that is compressed
from a 24-h record. Second the proposed PV-ES system is com-
pared with the conventional PV plus BESS (PV+BESS) solu-
tion, and that of the three different existing versions of ES. The



5318

S (=)
(=] (=]
T

PV Power (W)
(o]
(—]

0 4 8§ 1z 16 20 24
Time (hour)

- va_Ref """" va
(a)
300
S = 280°
=
£ §260
g» & 240"

220, 4 8 12 16 20 24
Time (hour)

(b)
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power (P, ). (b) Predicted demand-side active power (Pyrer) reference for
the PV-ES system.

configuration of the simulated PV-ES system is the same as the
one shown in Fig. 3.

The 24-h profiles of the predicted and actual harvested PV
power (Fpyref and P,,) used in the simulation are plotted, as
shown in Fig. 10(a). The predicted profile of this PV power
is forecasted using moving average method based on the data
of the solar irradiance at Hesse, Germany (latitude = 51.317°,
longitude = 9.059°) on 2nd February, 2004 [41]. Though the
demand-side power reference in practice can be predicted based
on various information and objectives, a simple reference for
demonstration is calculated by the net amount of the demand-
side power as

PgB.ef = P + Picaoom — va,R,ef (14)

where P nom 1S @ constant denoting the nominal power con-
sumption of the NC load. To highlight the power flow control of
the PV-ES with fluctuating PV power, Z.; and Z,,. are simpli-
fied as constant during the simulation period. Hence, the P, ger
according to (14) is shown in Fig. 10(b). Such profiles are then
compressed into a period of 24 s for simulation.

The simulation results in the first stage are shown in Fig. 11.
The demand-side power is maintained at the nominal value be-
tween the periods of + = 0-7 s and t+ = 16-24 s, when the
PV-ES system is deactivated due to the absence of solar energy.
Fig. 11(a) shows the time-varying profile of the active power
that is delivered to the power grid by the ES (— P, ;). Consider-
ing the aforementioned assumption of a lossless converter, the
waveform of — P, is exactly of the same shape as that of the
actual harvest PV power in Fig. 10(a) (indicated by the dotted
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Fig. 11.  Simulation results of the PV-ES system in the first stage. (a) Active

power delivered by the ES (—P.y). (b) Predicted demand-side active power
(Pg_rer) and the actual demand-side active power (P, ). (c) ES reactive power
(Qes)- (d) NC load power (P,.).

line), which is as expected. In Fig. 11(b), the predicted demand-
side active power reference (Pyrer) and the actual simulated
demand-side active power (P, ) are plotted together for compar-
ison. The results in Fig. 11(b) indicate that P, can be controlled
by the PV-ES and it follows precisely the predicted reference.
The active power consumption of the NC load in the PV-
ES configuration is plotted in Fig. 11(c) to illustrate that the
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NC load is indeed operating to compensate the prediction error
of the PV power. Clearly, the NC load power is adaptively
adjusted closely below and above the nominal power (160 W).
In addition, the reactive power transferred by the ES is plotted
as shown in Fig. 11(d). The negative polarity shows that the
ES reactive power is capacitive. By setting the reference of
P, Rrer, the reactive power of ES can be made either inductive or
capacitive, as can be explained using (6). Here, we arbitrarily
choose the capacitive reactive power.

In the second stage, to compare with the proposed PV-ES
system, the conventional ESS and three existing ES systems
as solutions for fluctuation issue of PV power are tested under
the same simulation configuration. Fig. 12 shows the simplified
diagrams of these possible solutions.

In the conventional PV+BESS, which is capable of compen-
sating the real power fluctuation by bi-directional power flow,
is integrated with the PV inverter either via the dc bus or the
PCC. The simulation results of the PV+BESS system are shown
in Fig. 13. As shown in Fig. 13(a), the ESS directly compen-
sated the error between the predicted and the actual PV power
[depicted in Fig. 10(a)]. Hence, the demand-side power is con-
trolled precisely to follow the reference, as shown in Fig. 13(b).
Although the solution of PV+BESS is straightforward and ef-
fective in compensating power fluctuation, the installation of
BESS is costly. The estimated average cost of BESS installation
for commercial scale is $2338 USD/kW [42]. For instance, if
the maximum prediction error is limited to £20% of the nomi-
nal PV power, a PV system in the scale of 5 kW would require
additional $2338 USD for the installation of BESS, regardless
of future cost on the maintenance of batteries. In contrast, the
proposed PV-ES system can save such a cost.

For comparisons, the objectives of the other three ES systems
are set the same as the PV-ES system as a power balancer.
Moreover, ES-2 and ES-B2B are preset to regulate the power
factor of the smart loads at 0.9. This is a unique function of
ES-2 and ES-B2B, which is in contrast to the proposed PV-ES
system, since they can be configured to control the active and
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reactive power consumption simultaneously. Fig. 14 shows the
simulation results of three ES systems during the period. As
observed from Fig. 14(a), the active power delivered by ES-1
is almost zero as it can only provide reactive compensation.
Fig. 14(b) shows the demand-side active power consumption
under the regulation of the ES systems. The profiles of ES-2
and ES-B2B illustrate that both these ES are capable of tracking
the reference as well as the PV-ES. However, the profile of
ES-1 contains obvious deviations, which is attributed to the
limitation of ES-1. The reason is, with a purely resistive NC
load, by providing reactive power, the ES-1 can only decrease
(but not increase) the active power consumption of the smart
load from the nominal value. Therefore, when the actual PV
power is more than the predicted value, the smart load associated
with ES-1 cannot consume additional power to compensate the
deviation. This is also confirmed by the corresponding NC load
consumption and ES reactive power as indicated in Fig. 14(c)
and (d), respectively. As a result, ES-1 cannot achieve the same
objective of the proposed PV-ES.

Although ES-2 can provide 1) precise active power consump-
tion control of the smart load as well as the PV-ES and 2)
controllable reactive power compensation which is better than
the PV-ES, the operation requires real power from its battery
storage. As shown in Fig. 14(a), ES-2 requires around 38 W
for this 160-W NC load and the maximum-50-W PV gener-
ation. Additionally, as shown in Fig. 14(c), the operation of
smart load associated with ES-2 sacrifices the NC load severely.
Here, the power of NC load is 198 W at the static state (for
power factor regulation) and reaches 224 W during the dynamic
state (for both the active power and power factor regulation). In
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conclusion, while ES-2 can achieve the same objective as that
of the proposed PV-ES, this comes at the expense of a higher
cost and poorer performance of the NC load.

By contrast, ES-B2B performs the best among the three ES
systems in the study. With the same precise active power control
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TABLE I
SUMMARY OF THE RESULTS OF DIFFERENT COMPARATIVE SOLUTIONS

Ener Demand- Demand-si
crey side N S NC Load  Imple-
storage . de reactive
. active power mental
require- power L
power variation cost
ment control
control
PV-ES N/A Good Limited Slight Low
PV+ESS High Good Good N/A High
PV+ES-1 N/A Limited Limited Slight Medium
PV+ES-2 High Good Good Severe High
EI\BHES_B N/A Good Good Slight Medium

Power
—~YAnalyzer

Fig. 15. Hardware platform setup of a PV-ES system.

of the smart load, the power delivered by the series part of ES-
B2B, which is shown in Fig. 14(a), comes from the grid itself
via the shunt ES. According to Yan et al. [38], the power flow
of ES-B2B in operation possesses a broader range and higher
effectiveness in regulating the power consumption than that of
ES-2. As depicted in Fig. 14(a) and (d), the active/reactive power
through ES-B2B is smaller than that of ES-2. Also, the power
fluctuation of NC load is controlled at the same level as that of
PV-ES. In other words, ES-B2B performs as well as the pro-
posed PV-ES as a power balancer. However, the implementation
cost of ES-B2B is much higher than that of PV-ES. While the
proposed PV-ES provides a compact configuration including
both the PV converter and the ES inverter, the ES-B2B system
requires a back-to-back converter (combined with a shunt and
a series ES converters), an isolation transformer, and an indi-
vidual PV inverter. Table I summarizes the comparisons in the
second stage.

To summarize, in terms of stabilizing the demand-side power
that is influenced by the fluctuating PV power, the proposed
PV-ES system performs as well as, if not better than, the other
options currently available. However, the low implementation
cost of its converter circuit and its battery-free configuration
makes it much more competitive as a practical solution. If de-
ployed in a power system with existing ESS, diesel generators
and load control strategies, the PV-ES will further benefit the
system: 1) PV-ES will be compatible with common load control
strategies as it provides continuous power flow adjustment as a
smart load; and 2) PV-ES may help to reduce the requirement
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Fig. 16. Measured dynamic responses of PV-ES system against power references step-change. (a) Measured dynamic power information over the full experiment
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waveform. (g) Sixth step-change waveform. (h) Seventh step-change waveform. (i) Eighth step-change waveform.

of the rating power of ESS and diesel generators, as it mitigates
the power fluctuation of PV power.

V. EXPERIMENTAL RESULTS

A laboratory-scale power system is set up to verify the fea-
sibility of the proposed PV-ES system and the control method-
ology. The configuration of this experiment is similar to the
electrical diagram shown in Fig. 3, except that Z; is ignored
temporarily (as it only consumes constant power in the exper-
imental case with stable grid voltage). Therefore, the demand-
side power is equal to the smart load power (Pg = Py). Zp, is
represented by a resistive load with a value of 75.5 €2. The spec-
ifications of the PV-ES power stage is shown in Table III. A uni-
versal power analyzer PM6000 and an oscilloscope DPO3034
are used for electrical data measurement. The actual hardware
setup is shown in Fig. 15.

The experiment is divided into two stages. The objective of
the first stage is to test the dynamic performance of the PV-ES
system on its power flow control ability in different conditions,
including switch-ON/OFF of the PV power and step-changed
power references. In this stage, the PV panel array is represented

by aprogrammable dc source DP802. Since the MPPT algorithm
is not activated at this stage, V), is set constant at 30 V. I, is
adjusted to emulate a specific amount of the actual harvested PV
power. The experimental results are shown in Fig. 16. The active
power reference of the demand side P, rer, the correspondingly
active power of the demand side P, the harvested PV power
P,,, and the actual delivered power of PV-ES — P, ;, are shown
in Fig. 16(a). The transient waveforms of each step-change are
provided from Fig. 16(b)—(i), in which V4, (upper profile) and
V. s (lower profile) are indicated.

At the beginning of stage one, Vs is regulated to 280 V, and
Py rer s set at 160 W (the nominal power) whilst 27 W of P,
is harvested by the PV-ES system. To verify the ability of PV-
ES with PV power switch-OFF, P, is step-changed to zero at
t = 10 s. It is observed from Fig. 16(b) that the switch-OFF of
the solar power causes an instant voltage drop of the dc bus, and
V. s are cut correspondingly to restore the V4. In this condition,
as no energy is pumped from the PV converter, V4,5 will keep
decreasing, regardless of the voltage regulation, until it reaches a
self-balance with V, ; (which ideally should be providing purely
reactive power). Then, P, ger is step-changed at r = 20 s and
t = 30 s, to verify the ability of PV-ES to regulate the power



5322

Power (W)

Power (W)

100 150

Time (s)
—k— Ppy

(b)

200

250

300

= T L'pv_Ref — _Pes

Fig. 17. Measured power information of the PV-ES with predicted references.
(a) Predicted demand-side active power ( Py ger) and the actual demand-side
active power (P, ). (b) Predicted reference of PV power (Ppy gef). the actual
harvested PV power (P, ), and the active power delivered by the ES (— P, ).

consumption of the smart load without PV power. The responses
in Fig. 16(a) indicate that the PV-ES can still regulate the active
power of the smart load by using reactive power (similar to the
ES-1). Note that the ES absorbs a small amount of the energy
when P, ger = 140 W, as the rise of V., [Fig. 16(c) and (d)]
leads to the increase of Vi and inverter power loss. At t =
40 s, the PV converter is enabled again, and the PV-ES turns the
flyback converter on with soft start (using constant duty-cycle
to pump the V4,5). When an overshoot of the V4, is detected, the
controller is restarted to regulate Vi, as shown in Fig. 16(e).

After the PV-ES system comes back to its initial condition,
for the sake of verifying the performance of the PV-ES with PV
power switch-ON, P, rer and B,y are individually step-changed
attr=55s,t=65s,t="75s,and t = 85 s. It can be observed
from Fig. 16(a) that while the waveform of P, follows accurately
the power reference P rer, the waveform of — P, follows the
reference P,, in its shape but with significant deviation. This
is due to the power loss of the converter power. For each step-
change, the instantaneous responses of V, ; and V4, are provided
in Fig. 16(f)—(i). In the fifth and seventh step-change, there are
only changes in P; ger but no PV power fluctuation involved.
As a result, V. can be regulated within three ac cycles, as
shown in Fig. 16(f) and (h). In the sixth and eighth step-change,
changes in P,, cause firstly a fluctuation in V4, of which led
to the PI controller making an adjustment to restore V. As a
result, the regulation of V., appears to require a longer settling
time (around 18 ac cycles) than the aforementioned two cases.
Considering that the PV power fluctuation in practice is slow
(bandwidth <1 Hz), such a dynamic response of the PV-ES
system is relatively fast in comparison.
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In the second stage, the proposed system is configured to har-
vest the solar power and to control the power of the smart load
with the predicted profiles adopted in the simulation. The refer-
ences and experimental measurements are depicted in Fig. 17.
The solar power is provided by a PV emulator AMETEK-
ETS80X10.5C with preloaded profile and harvested by the PV
converter in MPPT. The actual harvested PV power (P,,) is
plotted as a dotted line with stars, which is deliberately dis-
torted from the predicted reference (va Ref) based on the afore-
mentioned irradiation data. Meanwhile, the waveform of the
predicted active power on demand side (Pg Ref)» Which is ac-
quired by (14) and plotted as a dotted line, is preloaded in the
PV-ES as the reference. As shown in Fig. 17(a) with a solid
line, the measured active power on demand side (P,) follows
the dynamic reference very well. The power delivered by the
PV-ES (—P.,), as shown in Fig. 17(b) with a solid line, has the
same shape as that of P,,, but with amplitude deviation due to
power loss.

VI. CONCLUSION

In this paper, a PV-ES system that is acting as a power bal-
ancer, is adopted in power distribution networks that have a
high penetration of PV power generation, to assist in grid sta-
bilization. The power flow analysis and implementation design
in single-phase power system ensure that the proposed PV-ES
can harvest the fluctuating MPPT PV power without involving
battery storage, and adaptively control the active power con-
sumption of the ES-associated smart load simultaneously. A
comparison of the proposed PV-ES solution with the conven-
tional BESS solution and those based on previous types of ES,
validates that the former is a relatively better solution with a
lower installation cost. As indicated by the simulation and ex-
perimental results, the issue of a power imbalance that may be
resulting from a PV power prediction error, can be alleviated.
It has also been illustrated that satisfactory dynamic behavior
of the system via demand-side management based on the ES-
associated smart load can be achieved.

APPENDIX

TABLE 1T
PARAMETERS OF THE CONTROLLERS

Symbol Description Value
ke PR controller proportional parameter (ES) 0.05
ke PR controller resonant parameter (ES) 384
W, PR controller resonant frequency (ES) 100
[0 PR controller bandwidth (ES) 0.05
kpac PI proportional parameter (DC bus) 0.03
Kige PI integral parameter (DC bus) 0.01
ko PI proportional parameter (Flyback) 0.06
ki PI integral parameter (Flyback) 200
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TABLE III
SPECIFICATIONS OF THE POWER STAGE

Symbol Description Value
Cin Flyback input AVX, FFB44E0476K, Film, 47pF,
capacitor 100 V (2 pcs)
Sat, Sa Flyback MOSFETs IR, IRFB4227PBF, 65 A, 200 V
T, Flyback transformer VITEC, 58PR6962
C, Flyback clamping TDK, C3225X7S2A475M, MLCC,
capacitor 4.7 uF, 100 V (2pcs)
Dy, D, Flyback output diodes Cree, CSD10060G, Schottky, 10 A,
600 V
G, G Flyback output TDK, B32674D4155K, 1.5uF, 450 V
capacitors
Chus DC bus capacitor Nippon Chemi-con,
EKXG451E101MM40S, 100 pF, 450
v
Cp1, Cro  ES capacitors Nippon Chemi-con,
ELXQ251VSN152MAS50S, 1500 pF,
250V
Ryi, Ry DC bus balance Arcol, HS25,25 W, 25 kQ
resistors
Shi, S ES MOSFETs IR, IRFP31NS50L, 31A, 500 V
Les ES output inductor AMCC, 500 mH, 16A
Ces ES output capacitor HIC, MKP-2250305AB27U, 2.2uF,
310 V (3 pes)
fio Flyback switching 20 kHz
frequency
Jes ES switching 20 kHz
frequency
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