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Dynamic Analysis and Controller Design for Standalone Operation

of Photovoltaic Power Conditioners with Energy Storage

Sun-Jae Park*, Jong-Hyun Shin*, Joung-Hu Park’ and Hee-Jong Jeon*

Abstract — Energy storage devices are necessary to obtain stable utilization of renewable energy
sources. When black-out occurs, distributed renewable power sources with energy storage devices can
operate under standalone mode as uninterruptable power supply. This paper proposes a dynamic
response analysis with small-signal modeling for the standalone operation of a photovoltaic power
generation system that includes a bidirectional charger/discharger with a battery. Furthermore, it
proposes a DC-link voltage controller design of the entire power conditioning system, using the
storage current under standalone operation. The purpose of this controller is to guarantee the stable
operation of the renewable source and the storage subsystem, with the power conversion of a very
efficient bypass-type PCS. This paper presents the operating principle and design guidelines of the
proposed scheme, along with performance analysis and simulation. Finally, a hardware prototype
of 1-kW power conditioning system with an energy storage device is implemented, for experimental
verification of the proposed converter system.
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response model, Small-signal model, Controller design

1. Introduction

The need for renewable energy sources has become
more important than ever before, due to the depletion of
fossil fuel, and its serious impact on environmental
contamination. Renewable energy sources are starting to be
used in residential applications, as well as in commercial
buildings and engineering industries [1]. Therefore, many
renewable energy sources have been actively studied,
such as solar energy and wind power systems. However,
the power output from renewable energy sources is
determined by environmental circumstances; hence net
power generation fluctuates according to the weather
variation, and the normal operation has also been restricted
to specific conditions [2-3]. For these reasons, the demand
for energy storage devices that accompany renewable
energy systems has been increasing, in order to stably
use renewable energy sources [4].

When these sources generate insufficient output power, a

storage device can relieve the energy shortage of the load [5].

On the other hand, when the amount of output power from
the renewable sources exceeds the consumption of the
load, the storage device can store the excess energy. This
storage concept allows us to use power generation from
uncontrollable energy sources in an efficient and stable
manner [6-7].

In general, power conditioning systems with energy
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storage include a charger / discharger that can charge /
discharge the storage device, as well as a two-stage power
converter that provides the energy to local loads, or to the
power grid [8-10]. A charger/discharger can be connected
to the output of a renewable energy source, or the DC-
link, to stabilize the power generation [11-13]. Figs. 1 and
2 show conventional circuits of the power conditioning
systems, including an energy storage device and a
renewable source. Fig. 1 is a conventional scheme that
attaches a charger/discharger at the output of the renewable
energy source. This circuit has a drawback that the power
capacity for the boost converter design is greater than the
peak power of the source. Also, the power efficiency
decreases significantly, since the discharging energy must
pass through the two conversion stages of the discharger
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Fig. 1. Conventional Architecture of the power conditioning
system with a renewable energy source and an
energy storage device under standalone operation
(source-connection) [22]
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Fig. 2. Conventional Architecture of the power conditioning
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a renewable source under grid-connected operation
[22]

and the boost converter in series. Fig. 2 is another scheme
that attaches the charger/discharger at the DC-link rail [14-
16]. Power efficiency decreases significantly, due to the
fact that the charging current must pass through the boost
converter and the charger [17-18]. Also, since the AC voltage
of the post-stage inverter is not fixed under standalone
mode, the controller of the boost converter, or of the energy
storage sub-system must control the DC-Link voltage.
Actually, analysis and design methods for the maximum-
power tracking control of the renewable source and the dc-

link in the cases of Figs. 1 and 2, have rarely been reported.

On the other hand, power conditioning systems with grid-
connection typically implement maximum power point
tracking (MPPT) controllers for renewable energy sources,
because the AC voltage of the grid-connected mode is
regulated by the grid, as shown in Fig. 3.

In this paper, a new standalone controller design for a
bypass charger/discharger scheme is proposed, in order
to improve the conversion efficiency in a photovoltaic
power system. The bypass scheme is shown in Fig. 4,
which shortens the conduction path, due to the different
charging and discharging power paths. This skips the
redundant power process of the boost converter inserted in
the charging path of the normal (grid-connection) mode
and in the discharging path, as an uninterruptible power
supply (UPS) [19-21]. When blackout occurs, the power
conditioning system starts to operate under standalone
mode, as an UPS. Then, the post-stage inverter regulates
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Fig. 4. Proposed control architecture of the power
conditioning system with a renewable energy source
and an energy storage device under Standalone
operation. The DC-link is regulated by the storage
current and MPPT is done by the boost converter as
shown in Fig. 3.

the AC output voltage within the normal operating range;
and also, the first-stage boost converter controls the
operating point of the renewable source according to the
maximum power point tracking algorithm, to prevent
degradation of the generation efficiency. An energy storage
device is introduced into the system for the DC-link
regulation, which interfaces through the charger/discharger.
One more control freedom from the energy buffer enables
the maintenance of the DC-link voltage at a high enough
level for the achievement of a step-down power stream
of the full-bridge inverter. With the help of the DC-link
voltage regulation from the storage sub-system, the
control architecture of the boost converter needs no
alteration, under mode changes between grid-connection
and standalone. If the application were to be extended to
grid-connection, the storage could also attenuate the
power fluctuation of the renewable energy sources, which
fluctuation should be avoided for the stable operation of a
conservatively regulated power grid. However, there are no
special challenges in the controller design for the grid-
connection of the bypass PCS, as mentioned in [22].

This paper presents the operating principle and controller
design guidelines of the proposed standalone control
scheme, along with the dynamic response analysis based
on the small signal modeling, including the energy storage
device. Numerical analysis using the simulation software
PSIM is also included, to verify the model. Finally, a 1 kW
hardware prototype of the power conditioning system with
the energy storage device is implemented, for experimental
verification of the proposed power conditioning systems
analysis and design guidelines.

2. Dynamic Response Model
2.1 System configuration

The proposed controller configuration of the standalone
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renewable-energy system, which consists of a renewable
energy source and an energy storage device interfacing

through a power conditioning system, is shown in Fig. 4.

The first stage of the power conditioner has a voltage
feedback loop to control the renewable source operation,
and the post stage inverter has an output voltage loop, to
maintain the AC output [23-24]. The bi-directional
buck-boost charger in the storage sub-system includes a
current-mode controller to regulate the inductor current,
performing power-flow control of the energy storage
device. In this paper, a stack of super-capacitors is
considered as the storage device, because a fast charging /
discharging dynamic response is required for the controller
test of the entire system. The power conditioning system
(PCS) in the figure has a different conduction path between
the charging and discharging mode. Figs. 5 and 6 show
the bypassed power flow of the PCS under the charging
and discharging mode, respectively. As shown in Fig. 5,
during the charging mode, the charger/discharger directly
charges the storage device from the renewable source
through a conduction diode (Dcy,). During the operation,
the outer loop voltage controller that is in charge of the
DC-link voltage regulation directs the inner-loop current
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Fig. 5. Bypassed power flow of the PCS with a renewable
energy source and an energy storage device under
charging mode [22]
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controller. From the control architecture, the PCS constantly
regulates the DC-link, while charging the storage by the
extra energy from the renewable source.

During the discharging mode, the bidirectional converter
directly discharges the storage device to the DC-link,
through the other diode (Dpg,) naturally conducting by the
negative current flow, as shown in Fig. 6. During the
operation, likewise during charging, the inner-loop current
controller is directed by the outer loop voltage controller,
and the PCS constantly regulates the DC-link with the
discharging current from the storage.

Through the bypassing path, energy can be stored and
released more efficiently, significantly reducing the
conversion loss [22]. The boost converter’s power capacity
is also the same as the maximum power of the source, due
to the bypass of the charging/discharging energy of the
storage device. The scheme is still cost-competitive, and
offers a low layout burden, because of the small part count
increase of the two extra diodes for the bypass [22].
However, since the first-stage boost converter in the main
power stream simultaneously operates with the converter
of the storage sub-system, as mentioned above, the three
controller design of the entire PCS for the standalone
operation necessarily has to consider their dynamic
interaction, which seems quite complicated. For stable
controller design, the individual small-signal models of the
subsystems are first derived; and then, the interaction
analysis between the systems is performed.

The following sections present the small-signal analysis
for investigating the dynamic response of the bypass
power conditioning system, and the design results of the
standalone operation. Since the equivalent circuit under
discharging mode is simple, and the controller design is
quite straightforward, only the charging mode will be
considered for the analysis and design.

2.2 Small-signal analysis

The boost converter of the main power conditioning
system controls the output voltage of the renewable energy
source to perform MPPT operation, and the full-bridge
inverter provides AC voltage within normal operating
range for the local load, on the condition that the DC-link
voltage is regulated high enough for the inverter. Thus in
the proposed scheme, the DC-link voltage is consistently
regulated by the charger/discharger’s controller, composing
an outer voltage-feedback control loop. For the voltage
control, power delivery to the inverter matches the power
consumption of the local load, through power compensation
of the energy storage device. The inductor-current controller
performs the compensation, under the voltage controller of
the storage subsystem. If the renewable power generation
is greater than the load, then the surplus energy flows
directly to the storage in the charging mode of the bi-
directional converter under the current control. Otherwise,
the controller uses the converter for power release from the
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storage to the inverter through the short-cut path, with the
amount of energy exactly the same as that required for the
voltage regulation. If the voltage of the energy storage is
always lower than the voltage (V,.) of the renewable source,
the bi-directional converter can be unified into single circuit
topology. This paper employs one of the simplest bi-
directional topologies, that of a buck / boost converter.

The following subsections describe the small-signal
modeling and dynamic response analysis of the charger /
discharger and boost converter with a photovoltaic energy
source for the controller design.

2.2.1 Control-to-output transfer function and an output
impedance of the boost converter under charging
mode

While charging energy from the renewable energy source
to the energy storage device, the charger/discharger is in
electric contact with the output of the renewable energy
source. Hence, to design the inner current compensator of
the charger/discharger, the output impedance of the boost
converter with the renewable energy source must first be
considered.

First, the open-loop control-to-output (Gyyq;) of the
boost converter with the renewable energy source must be
derived, to design the compensator (H1) of the boost
converter. Fig. 7 is the simplified equivalent circuit of the
closed-loop boost converter with the renewable energy
source, for deriving the output impedance from the storage
subsystem [22]. At this time, the equivalent circuit model
replaces the renewable energy source, to use the state-
space averaging technique to derive the small-signal model.
Eq. (1) is the control-to-renewable voltage transfer function
of the open-loop boost converter.

1
ZL,_ = SL1+ Tesr1 ( )
= sC+ !
= Slre Tpe
ACdc = Scdc
Dj=1-D,

Ac

re

where, V4 is the DC-link voltage, I;; is the boost inductor
current, and r.,; is the equivalent series resistance of the
inductor.

Then, the voltage compensator of the boost converter is
designed with a linear equation, such as the PI compensator
shown in (2). The PI compensator is considered in this
paper, as a design example for each of the compensators.
Also, other peripheral transfer functions, such as the
sensing gain, sampling effect, and PWM gain in the loop,
are supposed as unity in the loop design.

For derivation of the closed-loop output impedance, the
open-loop output impedance of the boost converter with
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the renewable energy source is derived as Eq. (3), by using
a state-space averaging technique.
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Finally, the closed-loop output impedance (Z, cioseq) OF
the boost converter with the renewable energy source can
be derived as Eq. (4).

Zo.0pen
1+ T,

Zo.Closed Loop —

“)

(Tl : Loop gain of the boost converter (= le_ed‘_Hl))

The output impedance represents the dynamic interaction
of the boost converter with the energy storage system.

2.2.2 Control-to-output transfer function and controller
design of the charger/discharger

From the results of the previous derivation, the equivalent
small signal model of the energy storage subsystem with
the interaction of the boost converter can be drawn, as in
Fig. 8. From the figure, the transfer function of the
charger / discharger (Gj.,q,), along with the dynamic
interaction of the boost converter (Z, cioseq), 1S derived as

Eq. (5).
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the charger/discharger under the charging mode

In the equation, it can be seen that as the output impedance
increases, the transfer function of the charger deviates

more from the function, without considering the interaction.

Finally, the current loop gain (T,) of the charger can be
derived as Eq. (6), using the transfer function in Eq. (5).

T = Gidesz

(6)

2.2.3 Outer loop design of the charger/discharger

As shown in Fig. 9, the outer-loop compensator of the
charger / discharger controls the DC-link voltage in
standalone operating mode. Fig. 10 shows the small-signal
block diagram of the entire PCS, to finally include the
outer-loop compensator H; of the system shown in Fig. 9.
From the block diagram, it can be seen that the outer-loop
controller design of the charger/discharger needs the
derivation of the sub-functions G,gere, Gyreazs Girog and
Gvdcdl-

First, from consideration of the interaction (Ziy ciosed Loop)s
the audio-susceptibility (Gygere) Of the boost converter can
be derived:

(7

G = — —_—
VacVre Acy Zi,+ DY?

Second, the transfer function (Gygq;) of control-to-DC-
link voltage in the boost converter can be derived as Eq.

®).

_ DiVac— It 7,

Aclc
T 12
dl ACCICZL1+ Dl

®)

Third, the transfer function (G,,.4,) of control-to-voltage
of the renewable source in the charger/discharger can be
derived as Eq. (9).

_ (DyVret Iy, sz)zo-closed Loop

)

Gyped, = Tee
revz dz Zy.,+ D3 Zo.closed Loop
Fourth, the transfer function (Gy.ir) of the current
reference to voltage of the renewable source in the
charger/discharger can be derived as Eq. (10).
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Fifth, the transfer function (Gger) of the current
reference to DC-link voltage in charger/discharger can be
established as Eq. (11).

= Jac
Vdclref iref

G - GVreireI’(GVchre - HlGVdcdl)

(11)

Finally, the outer loop gain (T3) of the total power
conditioning system, including the dynamic interaction
between the main power stream and energy storage
subsystem, can be derived as Eq. (12).

T,= G

H, (12)

Vacirer

where, Hj is the compensa tor of the outer voltage loop.
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3. Simulation Results

This section verifies previous derivation results by
comparison between frequency responses of the symbolic
closed-form analysis, based on the transfer functions of the
state-space averaged model in previous sections, and those
of the numerical analysis through PSIM simulation, based
on the exact PWM switching-circuit model. The Bode plot

about 75°, which results in good stability.
As shown in Fig. 10, the transfer function (Gygcr) 18
derived, along with the sub-transfer functions of Gygevre
Giredr> Girogp and Gygeqp, in order to design the DC-link
voltage-feedback controller of the power conditioner,
including the dynamic interaction of the boost converter.
Fig. 13 shows the frequency response of the transfer

Bidirectional Converter Convergence - InnerLoop Gain

of the averaged-model transfer function is drawn by
MATLAB software. The dynamic interaction between the
main power stage and the energy storage subsystem can be
seen from the simulation results of the proposed renewable
energy system; and also, each controller of the system is
designed based on the Bode plot. Finally, the control stability
is proved, by checking the phase margin of the feedback
control loop. The key parameters of the simulation and
hardware experiment are shown in Table 1.

To investigate the dynamic interaction of the boost
converter with the charger/discharger, the frequency response
of the closed-loop output impedance (Z, cjoseq) Of the boost
converter is first analyzed, as shown in Fig. 11. From the
figure, it can be seen that the derived equation of the
interaction matches the exact model simulation well, and
the interaction is maximized around the 100Hz range.
The transfer function and the controller of the charger
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dotted: numerical result)

can be analyzed, using the response plot. As shown in Fig.
12, the phase margin of the charger’s current loop gain
(T2) employing the design example of the compensator is

Table 1. Element data
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function, and the verification through numerical analysis.

Finally, the outer loop controller can be designed from
the transfer function graph. As shown in Fig. 14, the phase
margin of the outer-loop gain (T3) of the charger /
discharger employing the design example of a PI controller
is about 60°. The result confirms the stability of the
feedback loop. From the results, it can be seen that all the
MATLAB plots agree well with the simulation results of
PSIM, which means that the transfer functions derived in
the previous section are correct.

3. Experimental Results

This section describes the implementation of a 1 kW
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Fig. 15. Step response of output voltage of the renewable
energy source and other key waveforms at charging
mode (the arrows at left mean the ground).
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Fig. 16. Step response of output voltage of the renewable
energy source and other key waveforms at dis-
charg-ing mode.

hardware prototype of the proposed standalone power
conditioning system along with an energy storage subsystem,
in order to verify the aforementioned analysis. Table I lists
the element parameters concerning the hardware prototype.
A TMS28335 (Texas Instrument) digital signal processor is
used for the controller implementation. A couple of super-
capacitor modules in series, each of which is 45V/41.7F
(Nesscap Co.), are used for the energy storage device, to
satisfy the higher voltage requirements of the proposed
integrated system.

First, Fig. 15 shows that when the power from the
renewable energy source is greater than the boost power to
maintain the DC-link, the bi-directional converter (charger
/ discharger) automatically charges the energy storage.
The figure also shows that the controller successfully

— — — [Reference of renewable source voltage

DC-Link Voltage
320[v]

e e

L sa/div

Dchg Current

Renewable source

I voltage 150
50v/div

Do
Dbchg Current

2A/div

" - |

>
Vae 1s/div

Fig. 17. Current waveforms of the charging diode (Dcng)
and discharging diode (Dpchg), during the charging
mode.
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Fig. 18. Current of the charging diode (Dcy) and dis-
charging diode (Dpcn), during the discharging
mode.
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controls the inductor current of the charger/discharger to
regulate the DC-link voltage at 320V. Even when the
voltage reference of the boost converter is step-changed
periodically between 130V and 150V, the DC-link voltage
is tightly regulated in the normal operation range. This
case shows the good tracing capability and stability
performance of the controller design.

Secondly, Fig. 16 shows that when the power generated
from the energy source is lower than the power required to
maintain the DC-link, the charger/discharger automatically
discharges energy. The figure shows the controller still
controls the inductor current of the charger/discharger well
enough to regulate the DC-link voltage at 320V, while the
reference of the boost converter is step-changed between
130V and 150V. This case also shows good tracing and
stability performance.

Fig. 17 shows the current waveforms of the charging
diode (Dcy,) and the discharging diode (Dppg), during the
charging mode. Meanwhile, Fig. 18 shows the current
waveforms of the charging diode (D) and discharging
diode (Dpcne) during the discharging mode. These figures
demonstrate that the charging and discharging currents
have different conduction paths from each other, as
presented in \the operation principle of the proposed
scheme (see Figs. 5 and 6).

4. Conclusion

This paper presents a new high efficiency power con-
ditioning system together with an energy storage device.
We perform dynamic response analysis for the design of
the entire control scheme, including interaction modeling
between the charger / discharger and main power stream.
Then, we present the transfer function derivations for the
DC-link regulation with a design example of the feedback
controllers.

The power conditioning system of the renewable energy
source together with an energy storage device achieves
automatic, stable, and efficient operation of energy flow
from the energy source, under standalone operation. We
verify the transfer functions derived by the state-space
averaging method by comparison between the numerical
analysis using PSIM, and symbolic analysis of the
averaged model with MATLAB.

Finally, we verify the analysis and design guidelines
through the hardware experiment of a 1kW hardware
prototype of a power conditioning system with an energy
storage device.
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