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Abstract—Uncertain generation by renewable sources and load
variations have resulted in adding energy storage systems in the
grid to maintain grid parameters (voltage, frequency) within
prescribed limits. The disturbances being non-deterministic in
nature, the voltage regulation control by the storage systems
relies mostly on dual loop architecture with an outer voltage
and inner current loop. Improvement in controller dynamics
can be achieved through feed forward of disturbance profile
but at expense of additional sensors and communication in
the grid. This work explores the application of an adaptive
disturbance rejection control scheme for disturbance estimation
(without using additional sensors) employing an extended state
and proportional integral observer (PI+ESQO). The proposed
observer aim to achieve robust disturbance estimation under grid
parameter uncertainty. The effectiveness of the proposed scheme
over the conventional one will be put forward through H.. and
H> norm analysis of the system. The design and simulation results
of the proposed scheme will be presented in this work.

Index Terms—state estimation, grid compensation and control,
storage systems control.

I. INTRODUCTION

The ever growing addition of renewable sources which
are non dispatchable can cause variations in voltage and
frequency profile of grid beyond permissible limits during
supply-demand imbalance, as the generation is decoupled with
the load demand [1]. These issues are overcome through the
addition of energy storage systems (ESS) in the grid which
cater to short and long term imbalances ensuring the power
quality in the grid. These ESS smooths out the power profiles
from the renewable sources, ensures energy balance and pro-
vide a degree of inertia in the grid having high penetration of
renewable sources [2]-[4].

Power converters interfacing the ESS to grid allow control
of power delivered or absorbed by ESS. An effective control
of power converter is essential in ensuring power quality in the
grid. The major issue in grids with high renewable penetration
is the non-deterministic nature of its generation and load
demand. As such defining a control strategy that is based
on complete knowledge of the load and generation profile, to
ensure power balance, requires extensive addition of sensors
and high bandwidth communication. Such a control can be
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impractical [5]. Therefore the emphasis has to be on defining
control strategies that rely on low bandwidth communication.

One of the widely used control architecture in voltage
regulation of grids with sources connected through power
converters is the dual loop architecture which employs an outer
loop for voltage control and inner loop for current control
[6]-[8]. In networks with multiple sources connected, the
dual loop architecture is augmented with the droop control to
ensure power distribution among the different sources based
on their capacities [9]. Improving the dynamics of dual loop
control can be achieved by feed forwarding the disturbance
which can be variations in renewable generation or load
profiles [10], [11].This again requires a complete knowledge
of the disturbance through measurements which is impractical.
As such another method that can be employed to improve
controller dynamics is use of observers to estimate disturbance.

Providing an estimate of the disturbance generated by
the loads, sources or modelling uncertainties improve the
dynamics of control without relying on high bandwidth com-
munication and extensive metering in the system. This can
be achieved using a class of observers derived from the
Luenberger observer like the Disturbance observer and Pro-
portional integral observer [12]. Disturbance observers (DO)
provide an estimation of disturbances using an approximate
model of the disturbance acting on the system based on some
prior knowledge of the system [13] [14]. These observers
are also referred to as an extended state observer(ESO) as
it considers disturbance as an additional state of the system.
The proportional integral (PI) observer is a modification of
the Luenberger observer which augments an integral part to
the Luenberger structure. This observer provides a robust
estimation of step disturbances under system uncertainties [12]
[15]. In [16] an application of ESO is shown for input DC
link voltage regulation of two level three phase converter. In
the above work disturbance in the form of a load connected at
the DC link of the converter is estimated using the observer to
improve the voltage regulation. Another work which considers
the use of observer in the voltage regulation problem for power
converter connected system is [5]. Here a non linear observer



system is employed in the voltage regulation of the DC bus
voltage in a hybrid AC/DC system. The observer estimates the
disturbance acting on the DC bus of the hybrid system and
uses it as a feed forward in the control loop of the AC/DC
power converter interfacing the AC side to DC side thereby
achieving disturbance rejection.

In this work the authors consider the application of ob-
server estimation in the voltage regulation of a local DC
microgrid having renewable generation and storage capability
in supercapacitors. The proposed control method will use an
ESO along with a PI observer (PI+ESO) with the objective
of providing disturbance estimation and robustness towards
parameter uncertainty. The conventional dual loop architecture
will be employed and aided by the disturbance estimation
from PI+ESO to achieve improved dynamic performance.
The control architecture will henceforth be referred to as
an adaptive disturbance rejection controller (ADRC). The
proposed ADRC will be employed in the control loop of the
DC-DC converter for supercapcitor (SC) as the SC ensures
smooth voltage profiles under short term energy imbalances.
The profiles of both sources and loads considered here are
non deterministic in nature. In this work the design criteria
of the ADRC scheme and the simulation will be presented.
The improvement in performance of conventional dual loop
architecture with the addition of PI+ESO will be assessed
through system norms like H, and Hs. Results in robustness
analysis to parameter uncertainty will also be provided.

The rest of the paper is outlined as follows. Section II
presents the DC-DC converter used in the application and
modelling of the same. In section III the ADRC scheme is
presented along with the PI+ESO. The system equations and
control law will be discussed in this section. In section IV the
H,, and H, norm based analysis of the proposed scheme is
done. The design of ADRC for the specific case considered in
this work and the simulation results will be outlined in section
V. Finally the work will concluded in Section VI.

II. DC-DC CONVERTER MODEL

The DC-DC converter used in this work is shown in Fig.1
and is capable of two quadrant operation. This enables the
converter to step up or down the voltage depending on the
direction of power flow. The power electronic switches S
and S, are realised using IGBTs controlled by complementary
gating signals with appropriate dead time between them. The
inductance [, facilitates the stepping up and stepping down of
input-output voltage of the converter. The resistance 7. is the
effective series resistance (ESR) of the inductor. The voltage
source vy, represents the SC. In the proposed application
the converter will function to ensure that vy, the DC-grid
voltage, remains constant under disturbances which will be
defined later. The converter will be modelled considering the
average waveforms of the systems devoid of higher order
switching ripple. This is done using averaged voltage across
IGBT S given by v.s. = d'vpys Where d' =1 — d with d the
duty ratio of the gate signals to S5. The averaged model for
the system is developed using the methodology proposed in
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[17] and is not outlined in detail here. The resulting averaged
model is given by

Vese(s) = Vie(s)
= IQ = -——-—, 1
Gls) = Leel®) slse + Tsc M
A variable change is proposed in the above model given by
Vmsc(s) = Vcsc(s) - ‘/SC(S)' (2)

The resulting converter model with the variable change is
given by
Iso(s) 1
G(s) = — = . 3
(#) Vinse(s)  Slse + Tse )

III. THE ADRC SCHEME FOR VOLTAGE REGULATION

The ADRC based voltage regulation is schematically rep-
resented as shown in Fig. 2. The voltage regulation part
employs the PI+ESO observer for estimating the disturbance,
which causes the deviation of voltage from its nominal value.
The disturbance in the case of system having high renewable
penetration ( as is the case considered here) will be difference
of load current demanded from grid and the source current
constituted by the renewable generation. Therefore this distur-
bance current signifies the deficit or surplus power in the grid
which should be catered by the storage system. The current
control block in Fig. 2 forms the inner loop that acts on the
disturbance reference generated by the observer and ensures
that the required current is delivered to the grid by the storage
system to compensate the load mismatch.

A. PI +ESO

The modelling of the ESO requires the system model to be
defined first. The grid voltage equation for the system shown
in Fig.2 is written as

dvbus

Cdt
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where C' represents the equivalent capacitance of the DC bus,
and & represents the disturbance in the DC grid. In the system
considered here ¢ is defined as

g = irs — toad )

where i,; represents the current supplied to the grid by
renewable sources and %;,4q represents the current drawn
by loads from the grid. Since both the generation and load
demands are non deterministic £ is also non deterministic.

Equation (4) can be rewritten as a perturbed system given
by

—— =&+ ki (6)

where k = % and ¢ is é Since the objective is to incorporate

the disturbance as an extended state of the system a model for

the same is proposed to define an augmented system. The
disturbance can be modelled as
dmg

— =0 7

7 (N

where m is large enough such that it an accommodate the
disturbance model. Additionally, £ is also assumed to be class
Cyn—1 i.e. the first m-1 derivative of £ exist and are continuous.
Therefore the state space representation of the augmented
system using the disturbance model is given by

X = Ax + big,
X lsc (8)
Ubus =Y = €X
with
_xl -
T2
x=| . |, ©)
Tp—1
_mn_
[0 1 0 0] [%]
0 0 1 0 0
A= , b=
S . . (10)
oo0o0 . . .1 0
000 . . . 0 0]
c=[1 0 0 0]

where x € R™*! is the state of system such that 21 = vpys,
ro =& and x, = C(itmT:lf with m as in (7). R is the set of real
numbers.

The system model defined in (8) is then used for the ob-
server. The ESO structure is the same as that of the Luenberger
observer with the additonal states in the system contributed by
the disturbance. The ESO observer is then given by

X =A% +Bi,.+L(y—9) (11)
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Fig. 3. PI+ESO schematic

where X represents the estimation of states shown in (9), gy is
the estimated value of v,s by ESO, y is measured value of
vpus and L is the gain of observer.

The PI+ESO is realised by augmenting an additional state to
the system in (11). This additional state is the integral of ESO
tracking error, which can arise due to modelling uncertainties,
as shown schematically in Fig.3. This ensures robustness to
parameter uncertainties. The integral action is added as an
input to all the states. The proposed PI+ESO can therefore, be
represented in the state space form as

o1 E Rl [

where d represent the additional state which is integral of the

12)

observer estimation error (d =y — 1), A and B are same
as that in (10), and [ is the gain of integral part. Again the
system represented in (12) is the same structure as that of
the Luenberger observer and as such the gain scheduling for
the observer can be done using the standard pole placement
method. It should be noted that the PI+ESO forms a system
with two inputs, 5. and y (vpys), resulting in the equivalent
block diagram representation as in Fig.3 with the transfer
function G,; and G,, respectively for the inputs. The output
from proposed observer will be the disturbance estimation (é ).

B. Control law

Once the estimate of the disturbance is obtained a control
law has to be defined to ensure the rejection of this distur-
bance. As discussed before the current control loop in Fig.2
when provided with the suitable reference in the form of i5cpe s
will ensure the disturbance rejection. The control action is
therefore defined as

. 1. 2
lscref = E[vbusr + kpveb + kiv / €p — 5] (13)



where, vyys- 1S the reference value of the grid voltage, e
is the tracking error of the grid voltage given by (vpysr —
Vbus ) é is the estimated disturbance and k,,, k;, represents
gains. It should be noted that e; is not to be confused with
the estimation error of the observer(y — ¢). Substituting (13)
in (6) results in
éb+kpveb+kiv/eb:é_§~ (14)
Employing a disturbance observer discussed above with
negligible estimation error, the right hand side of (14) tends
to zero resulting in (14) being dominated by the dynamics of
the following characteristic polynomial

DPeb = 52 + kva + kiv- (15)

A suitable selection of k,, and k;, will ensure that the
voltage regulation loop be Hurwitz with required dynamical
characteristics ensuring that the tracking error e, will lie in
the vicinity of zero, disregarding the disturbance function &.
It should be noted that in the control law defined by (13)
there is a feedback back part formed by k,, and k;, which
is incorporated in block cyp in Fig.2 and a feed forward path
formed by ¥Up,s-. In the case of the voltage regulation of grid
connected system presented in this work the reference grid
voltage is constant resulting in the feed forward term being
zero and hence not shown in Fig.2.

IV. H._AND H5 NORM ANALYSIS FOR ADRC SCHEME

The effectiveness and improvement in performance brought
about by the ADRC scheme based voltage regulation is
quantified using the H, and Hs norms of the system. In order
that such an analysis be carried out, the transfer function of
the system from disturbance input (§) to the output (vpys)
needs to be evaluated. The Fig.4 represents the equivalent
block diagram representation of the control scheme presented
in Fig.2. The PI+ESO in Fig.2 has been replaced with its
equivalent block diagram of a two input system as shown
in Fig.3. Similarly G; represent the transfer function of the
controller, PI;, in the current control loop, G is the transfer
function of the DC-DC converter given in (3), G4 is the
transfer function of the grid and G, is the transfer function of
block ¢y, which are all shown in Fig.2. The transfer function
from the & to output V4, is then given by block diagram
reduction to be

GiGGy(Gy + Goy)
1+ Goi + GiG(Gy(Gy + Gon) + L+ Gor)

The performance of the ADRC based voltage regulation will
be compared with the conventional dual loop scheme presented
in Fig.5. The block gains (G, Gy, G, G ) represented in Fig.5
are same as that in Fig.4. The disturbance to output transfer
function of the dual loop structure is then given by

Gy(G1G +1)
1+ GiG(G,G, + 1)

Gsysd - (16)

Gsysnd = a7
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Fig. 4. An equivalent gain block based representation of the ADRC acheme
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Fig. 5. Dual loop control architecture.

TABLE I
SYSTEM NORMS FOR THE ADRC AND DUAL LOOP CONTROL SCHEMES

System H-co H2
Gsysd 0.6359 12.5535
Gsysnd 1.1161 14.9959

First the norms are defined. The H., norm of any system
with transfer function 7{s) is given by [18]

| T'(s) lloo=sup | T'(jw) | (18)
while the H, norm is given by [18]
1
1760 1= (52 [ 1TG) Paw)? a9
2 2 J_ J

The calculated values of these norms for the system Gy qq
and Gysnq are shown in Table.l. The values of H., and Hj
norms show a reduction in the ADRC scheme in comparison
to the dual loop architecture. The H-oo infinity norm provides
an upper bound on the || y ||2 norm of the output for a square
integrable input signal [18]. This || y ||2 norm implies energy
associated with the output signal. Therefore the reduction in
the H., norm with the ADRC scheme translates to a reduction
in the energy level of the disturbance rejection response in
comparison to the conventional voltage regulation architecture
in Fig.5 resulting in an improved stability of the system.
Similarly the Hy norm provides an upper bound on the || ¥ ||
norm of the output for a square integrable input signal [18].
The || ¥ || norm represents the least upper bound of the
absolute value of the signal. This ensures a reduction in the
peak value of the disturbance response. This comparison of the
performance with H,, and Hy norm is valid for the class of
signals which are square integrable. In the case of microgrid
this is more relevant as the variation in renewable generation
is non deterministic and not known a priori. As a result such a
norm based analysis provides more general understanding on
the system behaviour.

It should be noted that the ADRC scheme will not provide
an improved performance over a classical feed forward scheme
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shown in Fig.6 where the disturbance can be measured and
feed forwarded [19]. Nevertheless in a system like microgrid
with distributed generation this can lead to large resource
allocation in terms of high bandwidth communication and
sensor allocation to capture the entire disturbance profile. The
ADRC scheme can therefore provide an alternative which
is a definite improvement over the conventional dual loop
architecture as evidenced from above but with less resource
requirements. The proposed scheme can easily be implemented
in any digital controller to generate a disturbance estimation.

V. SIMULATION RESULTS

In this section the implementation of the ADRC scheme
for voltage regulation applied to the converter system shown
in Fig.1 and the results obtained will be discussed. For the
converter system the ADRC scheme is developed considering
a second order disturbance model. Therefore, the value of m
in (6) will be 2. The second order model is considered as
most of the disturbance occurring in the grids can be sudden
variation (step) or gradual variation (ramp). The first step in
the design process is to fix the gains of the PI controller in
the current control loop. This is the fastest loop and the gains
are designed such that the loop has a settling time of 2 ms.
The next step is defining the gains of observer L and I which
will be determined using pole placement technique. They are
designed such that observer settling time is ten times that of
the inner current loop thereby ensuring that the current loop
output will be seen as a steady state signal for the observer.
Finally the k,, and k;, values of Cy, are decided such that
the voltage regulation loop error dynamics settles within 40
ms. This ensures that the observer appears in steady state for
the voltage regulation loop.

The simulation models were developed in Matlab Simulink.
A complete model of the system including passive compo-
nents, power electronics devices like IGBT, data acquisition
filters were considered in the model using components from
the powerlib library of Simulink.

The Fig.7 shows the PI+ESO observer disturbance estima-
tion. The disturbance reference (red) shows the deficit current
in the grid to be supplied by the ESS. The current estimated
by the observer is also shown in Fig.7. It can be seen that
the observer estimation of the disturbance is greater than the
reference. This is due to the non-ideal nature of the devices
and components considered in the simulation models. The
inductors, capacitors and IGBTs are modelled as elements with
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Fig. 8. Voltage regulation performance of the ADRC and the standard dual
loop control architecture

losses in the simulation model and hence the current supplied
by the ESS has to cater these losses resulting in a higher
disturbance estimate by PI+ESO. Though not modelled, the
PI+ESO is capable of estimating these losses.

The Fig.8 shows grid voltage profiles under the disturbances
when using the ADRC scheme. In Fig.8 the performance of
the ADRC scheme (blue) is compared with a conventional dual
loop voltage regulation (orange) scheme for power converters
shown in Fig.5. The improvement in the voltage regulation
functionality can be observed here with the deviation in grid
voltage from the nominal value lesser in the case of ADRC
scheme compared to conventional dual loop architecture. Since
the controller gains considered in both architecture are same,
the improvement in performance can be attributed to the
disturbance estimation by the observer. The simulation results
obtained is coherent with norm based analysis made in the
previous section with reduced overshoot of response and
improved dynamics as evidenced by the reduced values of
the norms.

The Fig.9 shows observer estimation under parameter vari-
ation. The grid in this work has been modelled as a capacitor.
The design of the observer was done considering a constant
value for the capacitor. In the real scenario this may not
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Fig. 9. Load disturbance estimation of the observer under varying DC-link
capacitor values.

be case. The capacitor value can change depending on the
operation condition in the grid with number of loads and
sources connected at any particular instant. The robustness of
observer estimation is highlighted through the plot in Fig.9.
It shows the observer estimation of the disturbance under
varying values of the grid capacitance. The plots are generated
keeping the disturbance constant and varying the equivalent
grid capacitance value within a range of +90% of the nominal
value (50 samples are considered). It can be observed that
under the variation of grid capacitance value, the estimation
of the observer remains constant showing the effectiveness of
the PI+ESO under parameter uncertainty. It can be noted that
in Fig.9 there are some large oscillations in the estimation of
the disturbance. This arises because the capacitance variation
in the grid is set at £90% and as a result with very low grid
capacitance case (weak grid), which occurs near —90%, the
variation in grid voltage is high for disturbances resulting in
large oscillations in the estimation. This may not be a realistic
case but such a variation was used for simulations to highlight
the robustness of observer.

VI. CONCLUSION

The ADRC scheme based voltage regulation has exhibited
an improved performance over the standard dual loop control
architecture for voltage regulation in power converters. In
systems with disturbances that are non-deterministic in nature
like grid connected systems this scheme can find increased
application. This work has only aimed at addressing some
initial aspects of the implementation of such observers in grid
connected systems mainly in terms of investigating suitability
of such observers in grid connected systems and their im-
provement in performance. There is scope for more work in
this area especially a formal analysis on system stability. Also
more work can be done in the physical implementation of such
systems in a real set-up to identify practical implementation
issues.
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