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Abstract—Intermittent renewable microsources in so-called
MicroGrids will need to have plug-and-play functionality —
therefore will need to be integrated with local storage. The design
of such cross-coupled non-linear systems is complex and presently
focuses on command tracking dynamics. In practice the
robustness of such systems to external disturbance inputs plays at
least an equal role. This paper presents the dynamic stiffness
methodology for such design and illustrates it for a single-phase
photovoltaic microsource with battery energy storage. While this
method has been applied with considerable success in motor
drives (converter plus single load) and UPS systems (converter
plus energy storage), it has not so far been applied to the more
complex case considered here of a microsource with embedded
storage  (converter plus energy source plus storage). The
mathematical model of the system is derived and presented in
state feedback block diagrams whereby local and global external
disturbances and cross-coupling are clearly identified. The
resulting system is clearly able to prevent the propagation of
external disturbances from one end to the other. Experimental
results are provided to validate the operation of the proposed
controller.

Index Terms— MicroGrid, Microsources, Energy storage,
Photovoltaic, Battery storage, Dynamic stiffness

1. INTRODUCTION

NALYSIS, control and planning of renewable energy
generation is a key challenge for future networks. Such
generation is intermittent and geographically distributed — in
contrast to traditional fossil-fuel based generation. Also in
contrast to conventional generation such systems need to be
integrated with the utility network at the distribution level [1].
Energy storage is also required to fill gaps between demand
and supply.
The concept of a MicroGrid is useful here. This is a small
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power system which, in theory at least, provides easy
integration of renewable energy generation units with variable
output [2]-[7]. A typical MicroGrid consists of number of
smaller capacity generation units (typically in the range of
100°s of Watts to 100’s of kW), a local distribution network,
local protection system, electrical and heat loads, and a utility
network integration unit [2]-[7]. A MicroGrid would typically
be integrated to the utility network at a single point, and the
advanced internal control of the MicroGrid would be used to
prevent internal MicroGrid dynamics from appearing to the
utility network [3], [4], [8]-[10]. Such control is complex [11]
and no definitive methodology for it has yet been developed.
One reason for this is the complexity of potential interactions
within the microsource of sub-system dynamics. The resultant
combination presents an extremely complex and hard to model
system to the distribution network, which would be
particularly difficult to handle when multiple microsources are
considered. It is thus essential to remove as many of the source
sub-system dynamics appearing to the network to reduce the
complexity of MicroGrid Control, in essence by decoupling
the internal subsystem controllers from the output and making
sure each is insensitive to the control behavior of the other
subsystems. This paper proposes an approach which does this
through a ‘Dynamic Stiffness’ methodology and so handles
this complexity better and is significantly more robust than
traditional command tracking only based approaches. This is
the first time a dynamic stiffness approach has been applied to
microsources with integrated energy storage and the method
provides a framework for future research and design. In such
systems three sources - the generation, energy storage and grid
tied inverter - now vie to control the DC link. Ensuring that the
system is 'robust' to the action of each and to external
disturbances is thus important but complex. Dynamic stiffness
is a highly useful and flexible tool for ensuring this. This
application is important because such MicroGrid sources
introduce highly distributed energy storage - a relatively new
concept - but a very useful one for ensuring security of supply
can be maintained despite variability in the renewable
generation microsource.

Almost all the microsources within a MicroGrid are
connected through an inverter, and the internal energy storage
of this inverter is low [3]. Therefore some form of energy
storage must be incorporated into the MicroGrid to smooth the
fluctuations of renewable microsources to make them appear
well-behaved. Storage can be either centralized or distributed
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as presented in Fig. 1 [2], [S]. Distributed storage will enable
“plug-and-play” functionality, which states that any
microsource should be able to connect at any point without
significant changes to the overall structure [3], [4]. This would
lead to a smooth, economical and sustainable expansion of
MicroGrids. Centralized storage solutions would in contrast
require system level upgrades as microsources are added.

Grid Interface Grid Interface

— 1
| | wind MED Batter}J
| Flywheel CHP | | Loads B?tHP ’ |
atte:
ILoads I I CHP . ggl
| Wind || () oy |
| [ F Battery J
Loads | ' Loads Batte: Load:
l___M_icr&G@___J|____M_icrgGr11____|
(a) (b)

Fig. 1. Storage options for a MicroGrid (a) centralized flywheel storage and
(b) distributed battery storage

Integration of storage to the microsource interface ensures
that the storage capacity of the MicroGrid is kept sufficient
and it also removes the debate over ‘who pays for extra
storage’. In the CERTS MicroGrid [3], [10],[12]-[13], the
battery is directly coupled to the dc-link of the inverter and the
disadvantages of the method are (a) little control over
charging/discharging current and (b) battery voltage must be
equal to the voltage of the dc-link. Other options exist (see
section II). Much research has been conducted on three-phase
microsource interfaces [10]-[21]. However typically the
internal dynamics of the MicroGrid microsource are neglected
[22-24] and the focus is solely on the microsource-Microgrid
interaction. Sophisticated techniques are then presented to
make the microsource robust to disturbances on the MicroGrid
side of the connection inverter, but the microsource side is
often approximated as a DC source, neglecting dynamics here,
which can be complex, especially when a supplementary
energy storage unit is included. Furthermore, considering the
growth of micro-generation, such as the photovoltaic (PV)
industry, there is a significant prospect of more single-phase
connections, for example roof-top domestic PV. However here
too the focus has been on the interface grid interaction [25],
assuming an idealized microsource with negligible dynamics.
How to achieve this has not achieved significant attention.
Even where sub-system interaction of the aggregate
microsource has been considered [26], the focus has typically
been only longer time-frames (hours) and the human-machine
interface and longer term state-of-charge management.

This paper presents a single-phase Microsource interface
with embedded storage via a bi-directional converter. This
removes the disadvantages related to direct connection of
storage to the dc-link but also the necessary expense of an
additional converter. A system which consists of multiple
power electronic converters will be a challenge to control due
to the presence of external disturbances, such as intermittent

power variation in the microsources and MicroGrid transients,
and cross-coupled variables. The highly cross-coupled and
non-linear system is simplified through state feedback state
block diagrams. The key attributes of the material presented in
this paper is the dynamic stiffness based controller design [27],
[28]. Thereby simple controllers were developed for a
complex system and disturbance propagation from one end to
another is greatly reduced. In the dynamic stiffness based
controller design method, the disturbances acting on the
system are analyzed and considered for controller design. The
main goal is to minimize the effect of disturbances. The
dynamic stiffness approach does this by mapping the
‘stiffness’ of the system to disturbance inputs against
frequency. Dynamic stiffness based controller design is
already used in different applications such as electrical drive
control, UPS design and industrial automation [27, 28], and an
extended overview of the methodology is given in these
references. A further issue when multiple microsources are
considered is  synchronization [20]. This involves
supplementary system-wide-control-coordination however and
is beyond the scope of this paper.

Section II of this paper presents a literature review on
interface solutions. The mathematical model of the proposed
system is derived in section III. Dynamic stiffness based
controllers for the proposed system is explained in Section I'V.
Section V provides the experimental results followed by
conclusion in Section VII.

II. PROPOSED MICROSOURCE INTERFACE

A typical microsource interface with storage is shown in
Fig. 2 [13]. The grid side converter is an inverter. The
microsource side converter can be either a dc-dc converter or
an ac-dc converter depending on the source.

A MicroGrid may operate in grid-connected mode or
autonomous mode, i.e. as a separate power system. Local
power source(s), either microsource(s) or storage, are
responsible to govern the MicroGrid voltage and frequency in
the autonomous mode. All the microsources in CERTS
MicroGrid can control the frequency and voltage using the
droop-line control technique as shown in Fig. 3(a) [3], [10],
[12]-[13]. A master-slave control technique is another way
used to control microsources [8], [29]. In this technique, Fig.
3(b), one-microsource is operating under droop control while
others operate under active power and reactive power (P-Q)
reference control. More than one microsource controls the
frequency and voltage in the multi-master slave control
technique. This eliminates the instability created by the failure
of the master in the master-slave method.
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Fig. 2. Typical microsource interface with distributed storage
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Fig. 3. Microsource controllers

The microsource interface considered in this paper has the
structure presented in Fig. 4 which is similar to that in Fig.
2(b). The proposed interface can be divided into two sections
based on the functionality. Section-A consists of the
microsource and energy storage. Section-B consists of a grid
connected single-phase inverter. Power flow control and grid
synchronization are the main functions of the single-phase
inverter and the inverter sees a stiff dc-link voltage source as
the input.
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Fig. 4. Proposed microsource interface

The proposed system consists of elements which are
subjected to external variations such as microsource output
fluctuations with varying environmental conditions, storage
capacity and grid voltage. It is important that these
disturbances do not interfere with each other or the operation
of the systems — the system dynamics should be ‘stiff” to such
disturbances, though this is frequently inappropriately
neglected in system studies. Fundamental to the good
functioning of the unit and the interface between section A and
B is achieving a dc-link with good disturbance rejection. Here
a dynamic stiffness based controller is used to design the

operation of the system, a photovoltaic panel is considered as
the microsource and a lead acid battery bank is considered as
the storage.

III. MATHEMATICAL MODEL OF THE PROPOSED SYSTEM

A schematic diagram of the converters used in the proposed
system is shown in Fig. 5. A PV panel is connected to the
modified forward converter (MFC) [30], [31] which steps up
the voltage. The bi-directional dc-dc converter (BDC) couples
the battery bank and dc-link [32], [33]. A full-bridge converter
is used to convert dc voltage into ac voltage. In order to filter
the harmonics, an inductor is coupled in series with the output
of the inverter. The transformer provides the -electrical
isolation.

A. Switch mode converter modeling and linearization

Two operating modes, thus two equivalent circuits, can be
found in a typical switch mode dc-dc converter: (a) the on-
state and (b) the off-state. The duty ratio, d, of the pulse width
modulation (PWM) signal determines operation time of each
mode. Equation (1) presents the general representation of the
relationship between state variables (x), input (U;) and
disturbances (U,) of the converter for on-state and off-state. 4;
and A, are state matrices, B;, B,, D; and D, are vectors [34].
Equation (2) can be obtained by time weighting and averaging
where d’'= (1-d) [33]. According (2), it is clear that the system
is non-linear as duty ratio and state variable multiplied terms
exist.

x:Alil‘BlUl +D1Ud fOI’d .TS‘ (l)
x=A4A,x+B,U; +D,U,; for(1-d)-T,
x=[a4d+0-d)4y x+[Bid +(1-d)B, U, @

+[Dd +(1-a)D, U,

The output, y, of a non-linear system is a function of
variables x; and x, according to the Equation (3). The function
can be expanded using the Taylor series around the operating
point x;, and x,,. Neglecting the higher order terms around the
operating point, a linear model in the form of Equation (4) can
be obtained. Ay = f(x1 , Xy ) - f(xlo X0, ) ,Ax; =x —x;y and

Ax, = x, —X,, , then Equation (5) can be obtained [35].
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Fig. 5. Schematic diagram of the converters and their controller blocks
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Using this linear approximation, equation (2) can be
expressed as in equation (6) where A= 4D, +(1—Do )Az,
B=B,D,+(1-D,)Byand D=D,D, +(1-D,)D,, and
operating point values are represent with subscript ‘o’. The
higher order terms links to the detailed sudden changes to the
system. This system contains a number of capacitive and
inductive elements, thus the voltage at various points and
current flowing through various paths will be relatively slower
and smaller. The controller is not expected to deal with very
sudden changes — indeed these are typically dealt through
protection system. Thus it is reasonable to neglect the higher
order terms in this case.

Ax = AAx + BAu; + DAu ; +

[(AI_AZ)xo+(B Bz)’/zo (D, - DZ)udo]Ad

B. Mathematical model of the proposed system

The MFC and BDC are switch-mode converters. The on-
state and off-state equivalent circuits of the MFC were
obtained and presented in the form of (1). Using the state
equations of the modes, the average state equations were
obtained in the form of (2). The linearized model of the MFC
is presented in (7) which was obtained using (1) to (6). The
operating point model of the BDC was obtained in the same
way and Equation (8) describes the operating point model. The
output current of the MFC is given by (9) and the output

Thus the governing equation of the inverter is represented in
(11). The controller signal, v.(t) is related to the e;,/(t)
according to (12).
Cimy (1) =V (1)-v4. (1) (12)
Table I presents the variable to be controlled, cross-coupled
state variable and external disturbance acting on each
converter.

IV. STATE FEEDBACK BLOCK DIAGRAM REDUCTION AND
DYNAMIC STIFFNESS FOR CONTROLLER DESIGN

A. State feedback block diagram reduction

According to Table I, it is clear that the proposed
microsource interface is highly cross-coupled system after
linearization. State feedback state block diagrams (SFSB) of
the converters and the proposed controllers are presented in
Fig. 6. A number of techniques can be used to make the
problem tractable.

The MFC has to control the input voltage of the converter.
Both input current and inductor current can be lumped
together and considered as a disturbance for input voltage
control to simplify the SFSB here. The controller of the BDC
consists of two loops. The inner loop controls the battery
current and the outer loop controls dc-link voltage. In the case
of the inner loop, battery voltage and dc-link voltage are
coupled together and can be considered as the disturbance.
Here it is assumed that the inner loop is faster than the outer
loop, thus cascaded control design can be used.

TABLE I
CROSS-COUPLED VARIABLES AND DISTURBANCES

current of BDC is given by (10). Duty ratio of MFC and BDC Converter Output Cross-coupled Disturbance
are represented by Ddc and Dbdc respectlvely. MFC Toput voliage (V) Inductor curent (o) Tnput current (1)
odc (t) v inv (t) Y bdc( ) (9) BDC Battery current DC-link Voltage (Vdc) -
t )—i 10 (Izbac)
. Fonde ®= s mV( )~ Lac\! ( ) . (10) DC-link voltage Duty ratio BDC output
A full-bridge inverter is used and is controlled using a PWM (Va) current (Zopac)
signal. The output filter determines the dynamics of the Inverter  Inverter current DC-link voltage (V4) ~ Grid voltage (Vi)
inverter assuming the dynamics of the inverter are very fast. Uinvp)
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Fig. 6. Controller block diagrams of converters (a) modified forward converter, (b) single-phase inverter, and (c) bi-directional dc-dc converter

The effect of dc-link voltage can be removed inside the
controller of inverter if the dc-link voltage is made a
feedforward measurement. Also the state feedback of inductor
current through internal resistance is decoupled inside the
controller. Since the state feedback block diagram is a
graphical representation of the state equations, the cross-
coupling variables and disturbances can be identified easily.
This enables well-defined controllers to be developed while
removing cross coupling variables.

B.  Dynamic stiffness based controller design for the
proposed system

The output of a physical system can be represented as in
(13) where Y, X and D are output, input and disturbance [36].
In classical control techniques the effect of disturbance is
neglected and only command tracking is considered when
designing controllers. This is the approach taken by prior
MicroGrid microsource designers. This neglects the critical
factor destabilizing a physical system which 1is the
disturbances. In this paper dynamic stiffness properties are
utilized for the controller design. Dynamic stiffness (DS) can
be defined as disturbance per unit output — see (14) [27], [28].
Indirectly dynamic stiffness provides information on
disturbance rejection (DR) ability of the system. In addition
the controller can be tuned based on the frequency response of
the disturbance.

Dynamic stiffness of the current controller of the inverter,
input voltage controller of the MFC, inner current controller of
the BDC and outer voltage controller of the BDC are given in
(15) to (18) respectively.

_X(s) Y(s)
Y(S)— X(S)D(s) X( )+ D s)x ( ) (13)
_D(s)
PS=7r 0 (14
mv(s) ] aRaS+aKm
AID(S) =C S+£(Gadcs+Ksadc] (16)
AV, (s) 7 s s+a

AV (S) Kbal

A]in[:l ©) = LpgeS + Rppge + Gy +— S s (17
Al (s) _ s a(GaolS + Ksaol) (18)
AVpe(s) a s(s+a)

In case of inverter, disturbance input decoupling will further
improve the dynamic stiffness of the system. It is assumed that
parameter estimation and decoupling are ideal. It is clear that
in all the controllers high frequency dynamic stiffness is
governed by the internal storage element of in the converter.
The low-frequency dynamic stiffness depends on the controller
parameters.

V. DESIGN AND IMPLEMENTATION OF A PROTOTYPE OF
PROPOSED SYSTEM

A prototype was implemented to evaluate the proposed
microsource interface and the controllers, and Table II
summarizes the specification of the prototype system. The
proposed system was modeled in EMTDC/PSCAD software
and implemented in hardware. A photovoltaic emulator was
used as the microsource for hardware testing [37]. The
SM110-24P PV panel was considered, which delivers 110 W
at 35 V during standard test conditions [38]. Lead acid
batteries were taken as the storage medium. Four 12 V
batteries were connected in series to form the storage. For this
analysis, a fraction of open-circuit voltage method is used as
the maximum power point tracking method for the PV panel.

' TABLE II
SPECIFICATIONS OF THE IMPLEMENTED SYSTEM

Parameter Value
Power rating of the system 200 W
Rated DC-link voltage, Vpc 360 V
MicroGrid voltage, Vivy 230 V
Rated battery voltage, Vpar 48V
Switching frequency MFC, fyrc 40 kHz
Switching frequency BDC, fzpc 20 kHz
Switching frequency of inverter, fivy 15 kHz
Turns ratio of transformer in MFD, 1:N; 1:26
Turns ratio of transformer in BDC, 1:N, 1:6
DC-link capacitance, Cg. 1970 pF
Inductance, L. 14.9 mH
Inductance, Lpg- 0.303 mH
Inductance, L, 54.8 mH
Capacitance, Cpy 3300 uF
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A. Dynamic stiffness analysis of the controllers

The dynamic stiffness of the current controller for the
inverter was examined for different PI controller gains as
given in Table III. Figs. 7 and 8 show the dynamic stiffness
and command tracking response around the operating
frequency of the current controller. Dynamic stiffness
properties are better as the gains are increased. At this point
we now can consider command tracking. Command tracking
error with respect to ideal (unity gain, 0dB case) decreases
with gain parameter increase. As the gains are increased, phase
error too increases. The low frequency command tracking can
be approximated to (19) which shows the reason for the
leading phase angle and above issue. Thus gains for case III
were selected for this application as a good compromise
between good response (Fig. 8 and Table III) and good
disturbance rejection (Fig. 7 and Table III). Overall system
performance is better than if only command tracking had been
used.

ALy p(s) N (aRa +K,, )S +akK,

Al INV,P* (s) aR,s+aky,
Similarly the controllers for the MFC and BDC were
developed using dynamic stiffness analysis. Fig. 9 and 10
present the dynamic stiffness plot of the controllers associated

with MFC and BDC. Table IV summarizes the gains and
locations of eigenvalues of the dc-dc converters.

(19)

N Case 1T
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Fig. 7. Dynamic stiffness of the current controller of the inverter

TABLE IV
CONTROLLER GAINS AND EIGENVALUES

dc-dc Converter Loop Gains Eigenvalues
Modified Inner loop Gade 0.25  4.82 kHz, 8.62 Hz,
forward (MFC) Kiaac 3.00 245Hz
Bi-directional Inner loop Gail 0.75 471 Hz 133 Hz
dc-de (BDC) Kait 750

Outer loop Guol 0.01 64.8 Hz, 16.9 Hz

Kol 0.03
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Fig. 8. Command tracking response of the inverter around 50 Hz
TABLE III
CONTROLLER GAINS AND EIGENVALUES
R, Kiq Eigenvalues
Case I 400 6.00x10° 3200, 1300, 322
Case I 360 4.65x10° 3450, 1000, 273
Case III 320 3.60x10° 3660, 929, 236
Case IV 280 2.70x10° 3840, 779, 201
Case V 240 2.00x10° 4000, 635, 175
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Fig. 9. Dynamic stiffness plot of MFC dc-dc converter
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Fig. 10. Dynamic stiffness plot of bi-directional dc-dc converter (inner loop at
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For all the controllers high frequency dynamic stiffness is
determined by the local storage element of the converter. The
low frequency dynamic stiffness can be adjusted from PI
controller gains. The integral gain is responsible for the very
low frequency disturbances and it enables to achieve infinite
dynamic stiffness at zero frequency. The dynamic stiffness
plots clearly indicate the effect of gains of a PI controller on
suppressing disturbances. Also the frequencies which are
affected more can be identified. In a particular system,
disturbances may occur in a certain frequency ranges and
according to this method controller gains can be selected in
such a way that dynamic stiffness is higher in those ranges. In
this application the selection of gains for the inverter is an
example.

B. Behavior of the system under different conditions

Fig. 11 presents the image of the microsource interface
implemented in hardware. In order to evaluate the performance
of section-A, it was tested in isolation feeding a resistive load.
Fig. 12 presents response of the system to a sudden loss of
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microsource power. The PV panel voltage settles to an open-
circuit voltage — see Fig. 12 (bottom curve). In response, the
battery starts to discharge. This is indicated by the positive
current in the middle plot. The dc-link voltage drops due to
loss of PV output but as the battery starts to discharge, the dc-
link voltage is restored back to its rated value. Experimental
performance results indicate that linear approximation of the
system was reasonable.

The response of the system for a sudden loss of load is
presented in Fig. 13. According to the top graph, the dc-link
experiences an increase in voltage due the disconnection of
load but within one second, voltage is restored to the
reference. In response the battery charging current has
increased as indicated in middle graph. However minimal
variation is visible in the voltage of the PV panel.

PV Emulator

Modified forward
converter

~ Single-phase
inverter
Bi directional

dc-dc converter

Fig. 11. Experimental set-up of the proposed interface
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Fig. 12. Behavior of the section-A to sudden microsource output
disconnection — experimental results

Therefore notably the disturbance in the load has not
propagated to the microsource. Section-A has been
successfully designed to track commands but also be robust to
disturbances.

The magnitude and phase of the current reference can be
calculated from the active and reactive power references
according to (20) and (21). Active and reactive power
references are noted by P,.rand Q.. Vivy,ms is the rms voltage
of the load. Jiny efmag a0A Linyrerphase @re magnitude and phase
of the current reference.

2 2
2Pre_ +Qref (20)

IINV,ref,mag = %
INV ,rms

-1 P, ref
Qref
The response of the current controller at steady state

supplying 100 W active power and zero reactive power is
shown in Fig. 14. The top graph shows the reference current
and the measured current fed to the current controller. The
controller follows the current command. The middle graph
indicates that the output the three inputs to the decoupling
node is dominated by the inverter output voltage — the
disturbance. In this case, additionally disturbance decoupling
reduces the workload of the controller. The controller output,
which is to be fed to the pulse width modulator, is sinusoidal.
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The inverter was synchronized to the MicroGrid and the
active power reference was ramped to 100 W while the
reactive power reference was set to zero. The top plot of Fig.
15 shows that the inverter output current is gradually
increased. The MicroGrid current supplied to the local reduces
as a result — bottom plot of Fig. 15.
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Fig. 15. Experimental inverter output current and grid current

Reference and calculated (based on measurements) active
power during grid connection are shown in Fig. 16.The phase
error is zero between the inverter output voltage and current
verifying that no reactive power is delivered (Fig. 17. top
curve). The output with a reactive power reference at 60 VAr
is presented in Fig. 17 (bottom curve). According to (20), the
phase difference should be 31° and the measured phase
difference matches with the calculations.

VI. CONCLUSION

A single-phase microsource interface with embedded
storage was proposed in this paper to achieve a better plug-
and-play functionality than a microsource alone. This system is
a solution to allow the storage capacity in a MicroGrid to be
adjusted dynamically to the proper level as more microsources
are added.

Microsource interfaces based on renewable energy sources
and embedded with storage are highly complex. This paper
presents a framework to analyze such a complex system with
multiple disturbances acting on it and having cross-coupled
variables. The gains selected clearly indicated the relationship
to disturbances with the aid of dynamic stiffness plots. This is

beneficial in controller des1gn
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The designed controller was robust and showed very little
disturbance cross-coupling. Therefore this method is
particularly applicable to a MicroGrid system with a number
of local generators and loads which dynamically vary with
time and if there is limited prior knowledge about the system.

This paper’s contribution is two-fold: firstly it shows the
viability of a small-scale microsource embedded energy
storage — such systems have either been separate units or much
larger three-phase systems. The paper shows that such systems
can be designed to be robust and respond well to external and
internal disturbances and changes. Secondly it shows to how to
integrate the different sub-units into a coherent and robust
system. The methodology used is the dynamic stiffness
methodology which is new in the field of MicroGrids, though
has been used to good effect in the fields of drives and UPS
systems. However there the converter and another single unit
were integrated; here the converter and multiple units are
integrated. This is important since the microsource, storage
and inverter might otherwise complete to control the DC link,
significantly disrupting the control of the other units. The
research shown in this paper thus provides a framework for the
design of such microsource system as well as other multi-stage
units.
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