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Abstract—In droop-controlled inverter-based microgrids, com-
ponent mismatches and parameter drifts may have a significant
effect on system stability. Analyzing this practical and important
problem, it is shown that droop control is sensitive to such drifts
and certain conditions have to be satisfied to maintain stability.
Furthermore, these mismatches lead to a deviation in power
sharing between the droop-controlled inverters even in the stable
case. A central supervisory control that uses very low bandwidth
communication is proposed to correct the resulting deviations.
Simulation results of a simple microgrid example demonstrate
the problem and the proposed solution.

Index—Droop control, component mismatches, microgrid, in-
verter, sensitivity, power sharing error.

I. INTRODUCTION

Here has been an observable global shift towards renew-

able energy in order to reduce greenhouse gas emissions.
The geographical clustering of these renewable energy sources
together with improved energy storage technologies have
paved the way for microgrids [1]. Microgrids are envisioned as
an exciting opportunity for reducing carbon emissions. Com-
bined together with other advantages such as uninterrupted
supply of critical-loads (under grid interruptions) and reduced
transmission (line) losses, efficient and reliable operation of
microgrids has received much attention over the last decade.
Islanded operation of microgrids with non-inertial generation
connected via inverters is one of the main technical challenges
addressed in the literature [1], [2].

Energy sources within the microgrid should be able to con-
tinue the microgrid operation in islanded mode i.e., regulate
the voltage (V') and frequency (f) within permissible levels
and maintain stability in the microgrid. Clearly the total energy
available for dispatch is the limiting factor for microgrid
operation in the islanded mode. It is therefore desirable to
have a robust power sharing capability between sources in a
microgrid, to enable maximal use of the available energy.

Power sharing between voltage source inverter (VSI) (here-
inafter “inverter””) based sources through droop control was
originally proposed in [3]. Under droop control, each inverter
in a microgrid measures its output real power (P) and reac-
tive power (()) and modifies the frequency (f) and voltage
(V) to achieve proportional power sharing. Droop control is
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extensively discussed in [1], [4]-[7], including the dynamic
and steady state stability of droop control, its applicability to
various types of networks and accuracy in power sharing. The
conventional frequency droop control methods involve P — f
and () —V droops. Depending on the network impedance these
droops are modified into P — V' and @ £ f and known as
reversed droop/boost control. Droop control can be considered
as an imitation control where the inverters imitate synchronous
generators to share power. The proportional power sharing
and the availability of frequency (f) as a global variable are
the advantages that follow such imitation control. Primary
power sharing via droop control is distributed and no explicit
communications are necessary [8].

In [9], the authors carried out a qualitative analysis to
demonstrate the contribution of numerical errors, disturbances,
noises, feeder impedance, parameter drifts and component
mismatches to inaccuracy in power sharing!. A robust voltage
controller was proposed to mitigate these effects. However,
no efforts were made in describing the robustness of the
network with respect to synchronization mismatches. Very
few works [9]-[11] acknowledged the issues arising from fre-
quency related mismatches but even so these are not exposed
in great detail. In general, the research communities assume
that the frequencies can be stable, which is not necessarily
always the case.

The frequency output of an inverter is based on its in-
ternal clock. Even under normal operating conditions these
inverters have a limited frequency setting/operating accuracy
(represented in percentages of operating frequency). These
bounds define the maximum and minimum frequency devi-
ations the inverter system can experience. This behaviour of
the inverters can cause parameter drifts in an interconnected
scenario. Frequency mismatches can also occur from faulty
inverters or unsynchronized “plug and play” interconnections.
It is therefore important to include these tolerances into the
microgrid design and stability criteria.

Contributions: This work explores how frequency mis-
matches in droop-controlled microgrids lead to instabilities.
The contributions of this work are two-fold. Firstly, we in-
troduce a frequency instability term into the dynamics of the

I'Specifically those arising from voltage, P — V droops were used for a
low voltage network.



system. The effect of frequency mismatches arising from these
instabilities is demonstrated. Subsequently, a relaxed condition
for synchronization under frequency mismatches is presented.
The condition holds for a specific network topology and under
certain assumptions, which are discussed in detail. Secondly,
it is shown that these mismatches can lead to a power sharing
error (in steady state). Accurate power sharing is then restored
using a central controller and communications.

Paper Organization: The remainder of the paper is orga-
nized as follows. The droop controlled system is described in
Section II, where the component mismatch problem is formu-
lated. Relaxed conditions for stability are presented in Section
III, and a communication based power sharing error correction
technique is proposed. The simulations and discussions are
presented in Section IV, followed by conclusions and future
work in Section V.

II. PROBLEM ANALYSIS

Power flow in AC Microgrids: An AC microgrid considered
here is of a simple topology is considered as shown in Fig. 1.
In general, the voltage magnitude of i*” bus is given by V;
and the phase angle 6;. The phase angle between the i** and
the j bus is given by (6; — 6;) € mod (2). To facilitate
conventional droop control, we assume the networks are purely
inductive (Z;; = Ygl = jX;j). In this case, the power flowing
between buses is given by [12]

Pij = ViV;|Yi;|sin(0; — 0;) (1)

Inverters and Droop Control: For this work, the distributed
generation sources marked ¢ = {1,2....n} in Fig. 1 output DC
energy. This energy is converted into AC by individual invert-
ers denoted by INV;. The inverter output is filtered using a low
pass LC filter (Ls, Cy) to reject the high switching frequency
(fsw) components and subsequently reduce the harmonic con-
tent of the output. All inverters are connected to a load bus
through an output impedance (Lg) and supply a (lumped) load.
The inverters can be modelled as voltage sources with defined
values of output voltage and frequency [2]. It is assumed
that the frequency changes are instantaneously reflected at the
output.

In this scenario, the inverters use conventional droop con-
trol [3], [4] given in equation (2) to control their frequencies.

wi =w* —m(P" — P) (2)
T P = —P" + P, 3)

where m; is the droop coefficient, w; is the instantaneous
frequency, P/" is the measured instantaneous real power, w*
and P} are the reference frequency and real power set points,
respectively. In practice, the measured power, P/ is filtered
(to yield F;) using a low pass filter (with time constant (7,,,),
see equation (3)) to reduce the burden on the inverter controls.
This makes the bandwidth of the voltage control loop much
larger than the bandwidth of the droop controller. For this
reason, the filter time constant 7,, has a strong effect on the

dynamics (damping) of the system.

Kuramoto Oscillator Analogy: Another interesting perspec-
tive of microgrid operation was given in [13], [14] and ref-
erences therein. The dynamics of the generalized “Kuramoto
coupled oscillator” model obey

Q::wny:awshm&A—%), Vi,j={1,2..m} (4
j=1

where 0; is the angle between oscillator and an arbitrary
reference and a;; is the coupling strength between the os-
cillators 7 and j. On this basis, the droop controller (2) can be
reformulated as

Dif; = P — P, (5)

where D; = m;l, éi = w" —w; and P™ = P (e,

disregarding the presence of the ripple filter, 7,, = 0).
Substituting P; in (5) with that in (1) leads to

Dib; = P} — V;Vo|Yio| sin(6; — 6o) (6)

For a constant power load Py, all the power injections into the
bus must be balanced (exactly equal to the the load).

n
Py =" ViVp|Yio| sin(6; — o) (7)
i=1
For maintaining mathematical consistency (with the Kuramoto
model), a frequency dependent load term Dyb is augmented
to the load Py (however, it does not affect the system as
Dy — 0). Subsequently, it was shown in [13] that the closed
loop system can be represented as a network of coupled
multirate Kuramoto oscillators with the rate constants D,
natural frequencies P; and the coupling strengths a;p (can
be defined as a;o = V;Vy|Yig|). Such a system is said to be
stable when the condition (8) (or equivalently, the condition
(9)) is satisfied.

P,
I'= max |———|<1 8)
ie{1,...n} | ViVo|Yiol (
(or)
sin™!(T) = |0; — 6| € [0, g) 9)

We refer to [13] for derivation of equations (8) and (9), and
associated proofs. Physically, the condition (8) means that the
power flowing in the system should be less than the network
physical limits given by a;o = V;Vp|Y;o| to maintain stabil-
ity [14]. The condition (9) is a well established phenomenon,
which says, stability is achieved when the phase angle be-
tween any two buses is less than — radians. Considering the
thermal limits of the network, it is recommended to maintain
max |6; — 0p| ~ 15°. The synchronization rate [13] pro-
portional to cos(sin”*T') and the synchronization frequency
ws, in steady state, is given in equation (10). On the other
hand, the discussion made above assumes that the coupling
strengths, a;o are known and constant. This assumption is not
valid when the inverters dynamically adjust their voltages to
share ) (for example, under the action () — V' droop control
shown in equation (11)). The condition (8) still holds true if



the bus voltage magnitudes V; and susceptances Y, are always
maintained within their lower bounds (V; and Y, respectively)
as shown in equations (12) and (13) [13].

n

P0+ Z Pi*
Wy = ———L (10)
> D;
1=1€
Vi=V" = k(Q —Q7) (11)
Vi>V;>0 (12)
Yio| > |Yio| >0 (13)

Generally, these bounds can be maintained if small droop
coefficients (m; and k;) are chosen. Proper (proportional)
power sharing in a droop controlled environment is achieved
through the choice of m; given by (14).

m; P = m; P} Vi, j =4{1,2,...n} (14)

Note that the coefficients m; and k; must, therefore, be
selected with a knowledge of all the inverter ratings in the
microgrid system.

Effect of frequency mismatches: Throughout the analysis, it
was assumed that the frequency of each inverter is perfectly
controllable and has a nominal value of w; = w; = w*. As
mentioned in Section I, the operating frequencies of inverters
are not absolutely accurate or perfectly controllable. They will
have a frequency setting accuracy and operating accuracy (both
represented in percentages of their operating frequency). To
understand the effect of these tolerances on the dynamics of
the system, we can include all frequency mismatches in ‘"
inverter as an extra slow time-varying (bounded) frequency
term, w, ;(t) € R. The droop control law in equation (2) will

subsequently change to

wi(t) = w* —m(P" — P}) 4 we(t) (15)

Stability in the presence of these mismatches is currently not
addressed in sufficient detail [9]-[11]. In the next section, we
present some conditions that should hold to ensure stability of

n
such a system. We define we qvg(t) = £ 3 we (1)
i=1

III. CONDITIONS FOR STABILITY

In this work, we particularly focus on frequency stability of
each inverter. While most work to date generally assumes that
the inverters can maintain a particular frequency, in practice
there can be fluctuations due to manufacturing flaws or clock
inaccuracies. For example, 0.1% to 1% operating accuracy is
considered to be a satisfactory design for commercial inverters.
In the critical-load and energy-limited scenario, such as a
microgrid, these small tolerances play a major role. It is
advantageous to define the robustness of the system in terms of
the “maximum deviation in frequency” for which the system
can remain stable. Design engineers can make use of these
conditions to design the microgrid and ensure stability and
safe thermal limits. These conditions will ensure modularity
or safer “plug and play” operation of inverters in a microgrid,

Islanded Microgrid |

Common Bus |
Z2o Zno I

pommunications

| | Central Supervisory Controller | |

| Power Sharing Corr_ectio_nl

Fig. 1: (Red dashed region) Islanded microgrid set-up with n
inverters connected to a common bus supplying a load. (Blue
dashed region) Power sharing error correction using a central
supervisory controller (CSC). Blue Dash-dot lines between
inverters and CSC represent communication.

especially in those where the sources are operating very close
to the stability margin (for example, in a highly stressed system
with I in (8) approaches 1.)

From [13] and discussions made earlier, for a frequency
droop controlled microgrid and under certain assumptions,
the necessary and sufficient condition for synchronization is
given in equation (8). To show how the frequency differences
between inverters affect the stability of the system, we need
to introduce the concept of power sharing error introduced by
the term we ;(t).

Theorem. Improved Stability Condition

Consider a frequency droop controlled inverter system
with operating frequency instabilities that are represented by
we i (t). Then, system stability is ensured if

(P + Di(we,i(t) — We,avg(t))

Fpew = max | — | <1 (16)
i={1,2...n} ;0
(or)
Sin_l(rnew) = |9i,new - 00,new| S [0; g) (17)
and the stable synchronized frequency is given by
P+ Z Py
Ws, new (t) - =1 + We,avg (t) (18)

>. Di
=1

Heuristic Argument If there exists a stable synchronization
frequency ws ney even in the presence of a mismatch we ;(t),
then, the power sharing error (a similar result was presented
in [9] for @ + f boost) that will arise from this frequency
difference is given by

Pei(t) = Di(we,i(t) = We,avg (1))

That means, the (new) physical limits of the system (a;o)

19)



must be larger than the power shift (max(P; + D;(we;(t) —
We,avg(t))) introduced by the term w, ;(t), which is quite
straightforward. Alternatively, this means that the microgrid
will be able to achieve a frequency synchronization, wg pew,
when the frequency difference is small enough to limit the
(new) phase angle between the buses to < |E| radians.
Since the synchronization rate depends on I'j.,,, the smaller
the frequency instabilities, the faster the system reaches a
synchronized solution wg pew. The value of ws ey 1S given by
the frequency drop due to the total load ws together with the
average frequency deryiation due to all the uncertain frequen-

cies (We,qug(t) = % > we;(t)) in the microgrid. It is possible
i=1

that the exact mismatches are not known, so the numerator in
equation (16) can be modified as max(P; + D;(We,maz(t) —
We min(t)) to guarantee stability. The subscripts min, maz
represent minimum and maximum frequency deviations. [J

Therefore, for uncontrollable or fixed system parameters
like total load > P; and output impedance |Y;o| we have
control over the parameters m;, k; to satisfy equation (16). It
remains to be shown, what effect the ripple filter time constant
Tp, has on the dynamics of the system. It is shown in [15]
that the system becomes underdamped with a large 7, but
the stability of the system is not directly affected by any valid
choice of 7.

Although, the stability condition holds appropriately for
constant power loads under the assumption of small droop
coefficients, it is an overestimation in the case of constant
impedance loads. This is due to the fact that, under constant
impedance loads, the system is not fully decoupled and P;
is not f(6) any more, instead P, = f(0,V). For example,
a load increase causes a drop in the load voltage, reducing
the amount of power consumed by the constant impedance.
Choosing a small k; for the design is important here because
there is a compromise between the reduction in voltage and
stability. As mentioned earlier, the increase in load will reduce
the inverter and load voltage (voltage drop due to load increase
+ voltage drop due to the @ — V' droop [9]). This reduces
the value a;y even further leading to a stressed network. It
should also be noted that, even if the system is stable and a
synchronized frequency is achieved, the power supplied will
now be according to the proportional coefficients m; together
with the extra power as given by equation (19). Power sharing
error correction is presented in section III-A.

A. Power Sharing Correction

As seen in the previous section, if the system is still stable
with a w;(t), power sharing will be perturbed and reach
a different value. Therefore, a supervisory control will be
necessary to regulate the powers back to the desired values. In
this work we propose a central supervisory controller (CSC,
shown in Fig. 1) to facilitate this correction. The CSC receives
power outputs of each inverter P; periodically. The CSC then

calculates the reference/desired power (P;r) using

n

S P(t) ili mi

(20)

It should be noted that this equation requires only the total
load Y P;. Once the reference power is calculated, the new
nominal power P;_, ; that should be supplied at each inverter

is calculated according to

Pl i(t) = PI(t) = Pi(t)

new,i

2y

This information is then sent to each inverter, which en-
sures the desired power injection. This method will also be
useful to eliminate the (smaller) power imbalances caused
by various other mismatches such as, DC side characteristics
and unsynchronized inverter addition etc. The communication
bandwidth can be very low for the given example (for example,
an update every 30 seconds) and hence the details will not be
discussed. In the case of time varying w. ;(t), if the system is
still stable according to condition (16), the variations can be
corrected using this technique. Such a correction will require
a communication bandwidth and triggering depending on the
variance of we ;(t).

IV. SIMULATIONS AND DISCUSSION

To illustrate our analysis, we simulated a simplified single-
phase two inverter system (n = 2) with a simple load. The
inverter system and control parameters are designed to achieve
desired stability. Their parameters are given in Table I. The
droop controllers were designed to power equally (m; : mq =
k1 : ko = 1:1). The voltage and power ratings were chosen
to be low to facilitate potential experimental validation and
the load is selected to be constant impedance, therefore, the
results presented here are conservative.

A. Ideal Case

In this case, the frequencies of the INV; and INV, are
set exactly to 50Hz, in other words, we1 = we2 = 0 Hz.
The power sharing, in this case, is very similar to the results
reported in the majority of the literature on inverter interfaced
microgrids and shown in Fig. 2a. The simulation begins at time
t = Os and both inverters are switched ON. After sometime
(depending on the time constant of the ripple filter 7,,, it is
chosen to be 5 Hz in this example) each inverter supplies 122
W. At time ¢ = 10s, an identical load is added in parallel and it
can be seen that the real power injection of both the inverters
increases to 195 W. The real power injected is not exactly
double because the load is not true constant power load.

B. Non-ideal Case

The frequency of INV, is now increased by we o = 0.025
Hz keeping the frequency of INV; constant at 50 Hz, i.e.,
we,1 = OHz. As we can see from Fig. 2c and Fig. 2d, the
microgrid reaches a synchronized frequency and stabilizes.

The value of |6 — 03] = 0.9182 radians = 52.6° < g,



13
n
>

——INV 1|
) 2 L _| ~~ 50
z 200 ) ——INV2
g 1501 vl ] g 49.99 ]
= 100 ——INV 2| 1 z
g S 49.98f
& 50 1 =)
0 . . . . 49.97 - - - :
0 10 20 30 40 50 0 10 20 30 40 S0
Time (s) Time (s)
(a) (b)
300 : : : :
= _ ---INV1
3 |
3 2001 - ==INV1| | -] 50.02 —INV2
1
g —INV2 2 50.01 ]
° g
&~ 100 1 s 50} .- ]
g - g I" I\—‘ -—-"
~ N e e e e e e o - = 49.99 1
0 4
; ’ ; 49.98 : : : :
20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
(©) (@
300 \ : : : 50.1 ‘ ; ‘ :
Z 200 c) T ool
3 F; 50.05 INV2 ]
Z 100 2 p/\_
&~ ] -
T o CRE ] Pttt ~~. s
&~ & Nt
—1000 49.95 . . . .
0 10 20 30 40 50
Time (s)
(e ®
300 T T T T T
PR ontrol Action Triggered
z o
< 200+ —
z -7
g R
5100 . o~ K ----I\NV1 1
W T J INV 2
| I I 1 I I I I I
0 10 20 30 40 50 60 70 80 90 100
Time (s)
(@
_ 50.02 ===INV1Q
N —INV 2
E 50.01 . J]
? I\\~
1 -
% or L,e” T e ~\~_
5] # V=" et
; 49.99 M I/ ]
49.98 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Time (s)
(h)

Fig. 2: Simulations Results of a two inverter system (INV; and INV3) supplying a load. Ideal Case i.e., w1 = w2 =0 Hz
(a) Real Power outputs (b) Frequencies; Non-Ideal Stable Case i.e., w. 1 = 0 Hz and w, 2 = 0.025 Hz (c) Real Power outputs
(d) Frequencies; Non-Ideal Unstable Case i.e., w.1 = 0 Hz and w.2 = 0.04 Hz (e) Real Power outputs (f) Frequencies;
Correction Technique Triggered at around ¢ = 50s (g) Real Power outputs (d) Frequencies. The angle between the inverters
is reduced from |6; — 02| = 0.9182 radians to |¢; — 02| = 0 radians by the triggered control action.



TABLE I: Simulation Parameters

Parameter | Value | Parameter | Value

fsw 10 kHz feutoff 800 Hz
Vep—p 24V Ly = Lo 1.8 mH
Cy 22 uF Vac,oov 40V

mi = ma 0.0001 HZ/W | k1 = ko 0.01 V/Var

thus ensuring stability. It is apparent from Fig. 2c that the
output power of INVs is greater than that injected by INV; to
compensate the frequency mismatch. It can be verified that the
difference in the power is around 250 watts which is expected
(. |AP| = |P,— P1| = 0.025/0.0001 = 250Watts). However,
when w2 = 0.04 Hz, the stability condition does not hold
and the system goes unstable as shown’ in Fig. 2e and Fig.
2f. The evolution of the angle between the inverters for all the
cases is shown in Fig. 3.

2

16, — 8| (rad)

Time (s)

Fig. 3: Evolution of the angle between the inverters. Stability
m
margin is marked as 5 radians.

C. Correction Technique

In the case, when the INV, frequency is perturbed by
we,2 = 0.025 Hz, we have seen already that the system is
stable and the power sharing is not according to their droop
coefficients. In this section, we demonstrate the correction
technique proposed in section III-A to correct the power
sharing error. The global frequency ws y.q, does not accurately
describe the load on the system. The central supervisory
controller (CSC) receives the power information of both INV;
and INVy periodically. The control action can be triggered
manually or by set-point violation. For the purpose of demon-
stration, we use manual triggering of the control action at
t = 50s. Once the control action is triggered, the CSC cal-
culates the desired nominal power injections for each inverter
using equation (20) and (21). The values are P, ; = 125
W and P;., o = —125 W. These values are sent to the INV;
and INVs where the corrections will be made. Fig. 2g shows
how the real power output injections are modified. It should
be noted that the control action is independent of load changes
and achieves proper error correction. For time varying errors
the speed/mode of triggering and communication bandwidth
have to be modified, accordingly.

2 An implicit assumption is that the inverter is connected through a storage
device which can inject or absorb power. Hence, the negative values of P
refer to absorbed power.

V. CONCLUSION AND FUTURE WORKS

This work explored the impact of frequency mismatches on
microgrid stability. A necessary and sufficient condition for the
maximum mismatch in frequency that does not destabilize the
system, under certain assumptions, was presented. Simulations
were performed to show how the system stability is affected by
the frequency mismatches. Following the stability discussion,
a triggered control action based on a central controller and
communications was proposed to correct the power sharing
error. The corresponding simulation results show that the con-
trol action is effective and that the communication bandwidth
required for the microgrid under consideration is very low.
Verifying the effect of virtual impedance in achieving stability
and exploring consensus based power correction algorithms
are some possible research directions.
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