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Abstract

In grid-connected mode, the grid normally absorbs all the power generated by each inverter in a microgrid. Droop control-based
microgrid power management employs the frequency as a wireless communication to determine the power outage. However, in
the cases of grid loss, each inverter should receive, from a supervisory controller, new settings of the output power suitable to the
microgrid load. Because of the supervisory controllers are slower than the droop control loops, this might produce unstable
dynamics caused by the excess generated power circulating between the inverters if the microgrid load is low. This case degrades
the microgrid stability leading the DC link voltage of each inverter to rise to trip point. In this paper, a PD voltage control loop is
proposed to stabilize the system and minimize the circulating power so providing more time for the supervisory control to
respond without tripping any inverter. A detailed small signal model is developed and stability analysis is performed to tune the
controller’s gain. Matlab/Simulink results validate the performance of the proposed controller.
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1. Introduction

In a grid-connected microgrid, the dynamics of parallel inverters are dictated by the stiff grid and the parameters
of the local controllers. The stiff grid voltage provides decoupling between the dynamics of the inverters. The
voltage at the point of common coupling (PCC) can be used as a reference for all inverters’ dynamic calculations.
However, in island mode operation, the study of the dynamics of parallel inverters becomes more complicated as the
voltage at the point of common coupling (PCC) becomes dependent on the inverter’s power outputs and local loads.

The majority of microgrid control structures reported in the literature are based on the droop control [1]-[5],
which eliminates the need for communications between the inverters. However, a slow communication link is
required between each inverter and a microgrid supervisory controller, Fig. 1, for setting some parameters of each
unit. In order to study the stability of a microgrid in island mode, many researchers have developed mathematical
models to describe the dynamics of the system. Pogaku et al. [6] has presented a systematic approach based on DQ
frame to model an inverter-based microgrid containing multi inverters with the network and loads elements. Md et
al. [7] used the same model but added PLL states for more accurate results especially for the reactive power steady
states. Another model has been developed in [8] for multi islanded inverters based on the abc frame and it was used
to evaluate the system stability against communication time delay. However, in all these models, the DC link voltage
state for each inverter has not been included in the model and the effect of unintentional islanding on the stability of
the DC link voltage has not been discussed. The DC link voltage was included in the small signal model reported by
the authors in [9] but the model was only for two parallel inverters. In [6], the inner voltage and current controller
loops were included in the model but it was concluded that the outer power sharing loop dominates the effect on
stability. In addition, in [10], lyer et al. assumed that the dynamics of the inner voltage and current loops can be
neglected as their bandwidth are much higher than the outer droop controller loop due to the low pass filter used to
average the active and reactive powers. Circulating power has been also addressed in [11] and [12] but non discussed
the impact on the DC link voltage states.

In this paper, the impact on the DC link voltages in cases of circulating power flow, in particular, during the
mains loss will be discussed and the stability of the microgrid will be assessed using the developed small signal
models. Furthermore, a controller will be proposed to immune the microgrid stability. The small signal model is
validated by simulation using a detailed model built in Matlab/Simulink.
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Fig. 1. Microgrid Structure
2. System modeling
In Fig. 2, the dynamics of the inner voltage and current controller loops are neglected and the microgrid model will

be divided into subsystems and re-constructed into one state-space model. The modeling procedures are the same as
in [13] and will not be duplicated here.
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Fig. 2 The microgrid simulation model of three parallel inverters with two distribution lines and three loads

Eventually, the full microgrid model is then obtained as below where the states are
[A6;, AP, AQ;, Aiaq,ir Dlinenq,ir Mlroadpo,is AVnDQ,i]-

AINV + BINV 'RN 'Cio 'CINVC BINV 'RN 'CiLine BINV 'RN 'CiLoad
Aﬂg = BNETw'CINV(uCOm + BNETV'RN 'Cio 'ClNVC ANET + BNETV'RN ‘CiLine BNETV'RN 'CiLoad (1)
BLoadw'CINVwcom + BLoadv'RN 'Cio 'CINVc BLoadv'RN 'CiLine ALoad + BLoadv'RN 'CiLoad

All definition of these variables and states are as in [13].

3. Model evaluation

The small signal model in (1) is linearized around stable operating points. These points can be calculated
by two methods. One method is to set the nonlinear state equations to zero. Another approach is to simulate the
model in Matlab to determine the numerical solutions. Here, the second approach is adopted. Thereafter, the
linearized model has been compared with a three phase detailed model built in Matlab/Simulink using
SimPowerSystem library with the same parameters in Table 1. The first part of testing is to disturb the system by

exciting it with a 3.8kW step change. This is realized by closing the switch SW1 and engaging Load 3.

Fig. 3 shows the average active power output responses of the three inverters. The responses of both
models are in good agreement, which reveals quite accurate transient expectations from the small signal model. Fig.



4 shows the active power responses of the three inverters if the set-points are (P; = 20kW, P; = 10kW and P;
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0kW ) and the load is 13.1 kW (without Load 3). The small signal model is again in a very good agreement with the
detailed model. The third inverter is importing power which increases the voltage across the DC link capacitor. Fig.
5 shows how the DC link voltage of the third inverter is rising which will cause the inverter to trip unless a

controller is used.

Table 1. Simulation Parameters of a three phase microgrid system

Symbol Description Value
24 Active Power set-point for inverter 1 20 kW
P Active Power set-point for inverter 2 10 kW
P Active Power set-point for inverter 3 0 kW
Q; Reactive Power set-point for inverter 1 0 VAR
Q3 Reactive Power set-point for inverter 2 0 VAR
Q3 Reactive Power set-point for inverter 3 0 VAR
R4 Load Resistance 1 25 Q/phase
R, Load Resistance 2 20 Q/phase
R.3 Load Resistance 3 38 Q/phase
L, Inverter output inductance (small signal and detailed simulation model) 2000 pH
R, Inverter output resistance (small signal and detailed simulation model) 0.1Q
m, Frequency drooping gain 5 X 10™* rad/s/W
ng Voltage drooping gain 5 X 10™* V/Var
A Voltage set point 220 Vrms
fo Frequency set point 50 Hz
[OR Measurement filter cutoff frequency 30 rad/s

Vi clink Nominal DC link voltage 750 V

Vi clink max Maximum DC link voltage 1200 V
m Linearization factor relating V,2-;.. t0 Vpcpin 6.5 x 10™*
Xiine1 Distribution line reactance 1 0.1Q
Riiner Distribution line resistance 1 023 Q
Xiinez Distribution line reactance 2 0.58 Q
Riines Distribution line resistance 2 0.35Q
ky DC link voltage controller proportional gain 30
kg DC link voltage controller derivative gain 1
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Fig. 3 Active power output of the three inverters in island mode by the small signal and the detailed models
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Fig. 5 DC link voltage response of the third inverter

4. Proposed DC link voltage controller

In this section, a PD controller will be proposed and studied for the multi-inverter model developed in previous
sections. The proposed controller is shown in Fig. 6. It employs P and D terms to emphasize the generality of the
modelling technique and to demonstrate that the derivative term also enhances the overshoot and settling time of the
system response. The derivative term produces fast action corresponding to any disturbance. Thus, the D term
allows for fast response to compensate the output variations in the DC voltage.

4.1. DC link voltage controller modelling

The input signal to the droop control loop is,
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Poc = —P + (kp + 5Ky ) Vociink _VI;CIink) 2
By perturbing it around the equilibrium points we obtain,

APDC = (kp + S'kd )'AVDCIink (3)
After rearranging, the controller for any inverter is calculated as,

APDC = CDCl'AVDCIink + CDC A,

where
Coer =k, 4)

Coc =[Coc2  Cocsl
Cocz =K4-[0 By, 1.Cp

CDC3 = kd '[BDCi]

To insert this controller state equation into the model (1), the state of the phase angle has to change as,

SAS=-m, (AP +Cpei AVigiink +Cpc- A%, ) (5)
Then the inverter model matrix will be as,
m_.C m_.C
: _ AP+BPV'CPV_{ po DCZ:| BPi_|: ’z) D03:|
Anv,i - [ ]2><3 [ ]2><2 (6)
BZl'CP + BZZ'CTV AZ

Consequently, the completed system with the DC voltage controller is derived as,

A:ng _ |:B Ang CDCcont:|
oc  [Olgom [Olger  [0lg
[Cos - - 0], |
[]..,
[0 Cpep - OLQ
[0].., ()
CDCcont:
[0 .. cDClyng
[0]..,

4.2. Analysis and simulation results

The same detailed model of three inverters in island mode, that has been utilized to validate the small signal model,
is used to justify the performance of the proposed controller and the prediction of the developed small signal model.
Fig. 7 illustrates a zoomed version of the root locus of the microgrid model as the high frequency modes have less
significance. The figure shows the poles trajectory as the derivative controller term has been excluded (k; = 0) and
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the proportional gain varies as 0 < k,, < 100. As is seen, increasing k,, shifts the complex poles to be dominant and
makes the system less damped toward instability if k,, > 65. The locus in Fig. 8 is developed as the parameters of
the PD controller vary. Fig. 8a depicts the poles evaluation as 0 < k,, < 300, k; = 1and in Fig. 8b as 0 < k; <
10, k, = 30. The arrows show the increasing trend. It is clear that the system is stable for the specified values
range of k, that is wider than the case in Fig. 7. Furthermore, the derivative gain existence introduces more damping
to the system as the real poles dominate. In the other hand, by increasing k,, the system becomes unstable. The
Matlab/Simulink simulation adopted the values of k,, = 30, k; = 1 as they give a damping ration of 0.3.

DClink

Fig. 6 Proposed PD DC link voltage controller
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Fig. 7 Root locus of the entire system with DC voltage controller when 0 < k,, < 100, k; =0
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Fig. 8 Root locus of the entire system with DC voltage controller when (a) 0 < k,, <300, k; = 1 (b) 0 <k, < 10, k, =30

Fig. 9a shows the active power response of the three inverters when initially run in island mode with power set-
points are as P} = 20kW, P; = 10kW and P; = 0kW. The derivative term is zero (k, =30, k; =0), which
makes the system more oscillatory as expected. The calculated frequency from the response is 62.2 rad/s and
corresponds to the expectations from the rootlocus which is 68 rad/s. Fig. 9b shows the response when k,, = 30,

ks = 1. In contrast with Fig. 4, the controller succeeds in mitigating the circulating power from the other inverters
and consequently prevents the rise of the DC link voltage, Fig. 10, so decreasing the risk of tripping any inverter and
presenting more damping compared with Fig. 9a. As shown, each inverter has a different transient oscillation
frequency that is predicted by the rootlocus plot as well. The locus portends two frequencies as 55.13 and 307.5
rad/s and in Fig. 9b, the responses have two major frequencies of 54.16 and 306.5 rad/s, which reveals the validation
of the developed model and the controller design criteria.
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Fig. 9 The active power responses of the three inverters when initially run in island mode and (a) k, = 30, k; = 0(b) k, =30, k; =1
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Fig. 10 DC link voltage responses of the third inverter when the PD controller is adopted

5. Conclusion

This paper investigated the transient power between paralleled inverters and its impact on the DC link voltage
states in cases of mains loss. A PD controller to limit this circulating power has been proposed. The controller
monitors the DC link voltage and in case the voltage rises above a specific limit, indicating power being imported,
the controller adjusts the power set-point in proportion to the rise in the voltage. A small signal model of a microgrid
has been developed to include the DC voltage states and used to design the controller. Simulation results confirmed
the accuracy of the developed model and the validity of the design.
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