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Abstract—In the quantitative transient stability assessment of 
hybrid stand-alone microgrids comprising synchronous 
generators and renewables, the system dynamics during the 
first hundreds of milliseconds are vital. Further, in contrast to 
transmission systems, curtailing the real current and giving 
entire priority to the reactive current has a negative influence 
on the transient stability in microgrids. Hence, a cluster of 
three exemplary off-grid hybrid microgrids with diesel 
generators and photovoltaics with their DC-side were 
modelled and studied to investigate mainly different ratios of 
active and reactive current provision. It can be concluded that, 
a 70 % improvement in the critical clearing time is observed 
in the case of providing exclusively active current. Therefore, 
unlike in transmission systems, it is not recommended to 
curtail the active power output of solar systems in hybrid 
microgrids in case of short-circuits. 

Keywords-critical clearing time; diesel generators; off-grid 
hybrid microgrids; photovoltaics; reactive current provision; 
transient stability 

I.  INTRODUCTION

The number of installed off-grid microgrids in 
developing and under-developed countries has been 
increased significantly over the last few years. This trend 
will continue in the upcoming years and decades. [1] Unlike 
most of the previously realised microgrids, current and 
future microgrids will comprise of hybrid generation units: 
conventional synchronous generators like diesel generators 
(DG) and inverter-based renewables such as photovoltaics 
(PV), battery storage systems (BSS) etc. [2]. To increase the 
economic benefits and security of supply, several 
neighbouring hybrid microgrids can be interconnected [3].  

Not only qualitative but also quantitative transient 
stability assessment (TSA) of such clustered microgrids is 
essential and should be performed considering three-phase 
short-circuits at different operating points. This requires a 
detailed modelling of hybrid microgrids and their generating 
units [4][5]. Usually, PV systems are modelled assuming a 
constant DC voltage source [6]. To achieve convincing 
results in the quantitative TSA, the microgrid dynamics 
during the first 100s of ms are crucial [4][5]. Therefore, PV 
systems should be modelled taking the DC-side and its 
controller into account.  

Furthermore, the detailed modelling of PV systems is 
fundamental in the short-circuit investigations regarding 
reactive current / power provision [7]. Due to higher R/X 
ratio of low-voltage overhead lines [6][8], the 100 % 
provision of the reactive current, like in transmission 
systems, has a negative impact on the transient stability in 
hybrid microgrids [9]. Hence, it is essential to analyse 
different ratios of active and reactive current provision (ACP 
and RCP) in case of large disturbances.  

Therefore, a cluster of three exemplary stand-alone 
hybrid microgrids with DG and PV – with a total installed 
capacity of 760 kW – with their DC-side for various RMS-
simulations was studied. Following analyses were 
performed for a high loading condition, where the ratio of 
delivered power of DG to PV in the cluster grid model 
corresponds to 70:30: 

 Firstly, a sudden drop in the solar irradiance was taken
into consideration to analyse the power system
behaviour.

 The second and the main goal of this paper was to
investigate the effect of different ratios of ACP and
RCP as well as to compare with respect to both rotor
angle and voltage stability. The dynamics of the DC-
side of PV systems were also discussed in detail.

 Lastly, the influence of the disconnection of critical
generation units and the impact of the decentral
distribution of PV systems on the transient stability
were studied in brief.

The relevant fundamentals will be given in Chapter 2.
Chapter 3 deals with the methodology of the research work. 
The results of the performed investigations will be presented 
and discussed in Chapter 4. Lastly, the conclusions and an 
outlook are given in Chapter 5.   

II. FUNDAMENTALS

A. Block diagram of PV with DC-side

In microgrids with DG units, PV systems are usually
operated according to the current injection principle, so 
called grid-feeding. Using phase-locked loop (PLL), PV can 
be synchronised with microgrids. Based on the reference 
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power values, active and reactive power can be fed into the 
grid – acting as current sources. [6][10] Without droop 
control, PV systems cannot have a direct impact on the 
voltage and frequency in power systems [6][11]. The block 
diagram of the grid-feeding PV is illustrated in Fig. 1. The 
reference active power will be calculated based on the DC 
voltage UDC across the DC-link capacitance and the current 
of the PV generator IPV [11]. However, the reference 
reactive power in the steady-state can be zero, whereas for 
large voltage variations at the point of common coupling 
(PCC) corresponding reactive power can be given as 
reference [12]. 

 
Figure 1.  Block diagram of the grid-feeding PV system with the DC-side 

and corresponding controllers, according to [11][13] 

Depending on the DC-link voltage deviations with 
respect to the voltage based on the maximum power point 
(MPP) tracking, the reference d-axis current I*

d,ref will be 
varied [11]. The detailed equations corresponding to each 
block can be found in [11][14]. Three PI-controllers are 
employed in every PV system: PLL, current controller and 
DC voltage controller [15]. The fundamentals of the 
dimensioning of the current and voltage controllers using the 
modulus and symmetrical optimum [11][15][16], 
respectively, will be discussed in the next section.  

B. Modulus and symmetrical optimum for PV controllers 

The block diagram of the inner current control loop is 
shown in Fig. 2. The block of the plant comprises three first 
order delay blocks, which are present because of the delay in 
calculation and pulse-width modulation (PWM) as well as 
the plant itself [11][15]. It should be noted that, to reduce 
the complexity in deriving the transfer function for the plant, 
an L-filter has been employed [11]. Due to the absence of 
the integration block in the plant, modulus optimum can be 
used for the dimensioning of the PI controller [11][16]. The 
parameters of the PI controller Kpc and Tic are given by [11]: 

g
pc

sc g sc2 2

T L
K

T K T
  and  ic gT T   (1) 

where, Tg = LΣ/RΣ and Kg = 1/RΣ. LΣ and RΣ correspond to 
the summation of equivalent short-circuit inductance and 
resistance at the PCC as well as the inductance and 
resistance of the L-filter. respectively. Tsc is the sum of time 
constants in the calculation delay and PWM delay: Tsc = 
Ts + 0.5Ts = 1.5Ts, Ts is the simulation / integration time-
step.  

 
Figure 2.  Block diagram of the inner current loop (current control), 

according to [11] 

The outer DC voltage control loop (see Fig. 3) is slower 
compared to the inner current control loop [11][15]. The 
plant is among others made up of an integration element, 
which is due to the DC-link capacitance. The inner current 
control loop is described by a first order delay block. [15] 

 
Figure 3.  Block diagram of the outer current loop (DC voltage control), 

according to [15] 

In general, the PI controller values Kpv and Tiv can be 
represented as follows [15]: 

DC DC
pv

g sv

2

3

C U
K

aE T
  and  iv sv²T a T   (2) 

where, CDC, UDC and a represent DC-link capacitance, 
voltage across the DC-link capacitance and factor depending 
on phase margin as well as damping of the control loop, 
respectively. Eg is the peak value of the line-ground voltage, 
whereas Tsv is the summation of Ts and 2Tsc. 

C. Reactive current provision 

In transmission systems synchronous generators can 
provide short-circuit currents of up to 5-7 pu [17]. In case of 
DG, it can be even slightly higher [18]. However, the short-
circuit current of power electronic based PV systems is 
limited to 1 pu [19]. Due to the low voltage ride through 
(LVRT) profiles in case of faults, the provision of reactive 
current is preferred over active current in transmission 
systems [12] – cf. red profile in Fig. 4. The active current is 
intentionally reduced to zero, so that the output current does 
not exceed the rated current. However, in case of major 
disturbances in microgrids with overhead lines having 
higher R/X ratios, this has a negative impact on the transient 
stability [9]. By giving more priority to active current, the 
provision of reactive current can be varied (blue, green and 
yellow profiles), as shown in Fig. 4. 

 
Figure 4.  Different degree of RCP in case of major  

distrubances – red profile, according to [7] 

III. METHODOLOGY 

A. System modelling 

The analysed cluster microgrid model in DIgSILENT® 
PowerFactory™ with a total installed capacity of 760 kW is 
depicted in Fig. 5. The network model with DG only 
presented in [20] has been extended with PV systems. 
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It was made sure that, even without PV systems the 
loads in the grids can be supplied by DG with a high degree 
of security. An overview of the nominal power of the 
generating units and loads is given in Table 1. The nominal 
power factor of DG, PV and load is 0.8, 1 and 0.97, 
respectively. 

 
Figure 5.  Topology of the investigated interconnected microgrid model 

with DG and PV as well as composite loads  

TABLE I.  NOMINAL ACTIVE POWER (KW) OF DG, PV AND LOADS 
IN EACH MICROGRID AND IN THE CLUSTER MICROGRID 

 
Generation 

Load DG/Load Gen./Load 
DG PV Total 

1 211 65 276 220 0.96 1.38 

2 176 58 234 180 0.98 1.30 

3 207 43 250 200 1.04 1.25 

Σ 594 166 760 600 0.99 1.27 
 

Since a high loading of 80 % of the nominal power of 
loads (i.e., approx. 480 kW) on a sunny day was 
investigated in the grid model, several DG (illustrated grey 
in Fig. 5) were disconnected to avoid wet stacking in diesel 
motors [21]. The loading of the active DG (stator current) 
lay between 65 - 75 %. As far as PV systems were 
concerned, an effective solar irradiance (due to lying dust) 
and the PV module temperature were assumed to be 
900 W/m² and 60°C, respectively. This led to a reduction in 
the output power, which is around 80 % of the nominal 
power. Therefore, the ratio of the nominal active power of 
DG to PV at this operating point lies around 70:30 in the 
cluster grid – see Table II. The nominal power of DG is 
between 40 - 140 kVA (power factor of 0.8), whereas that of 
PV in each microgrid is 65, 58 and 43 kVA (unity power 
factor). 

TABLE II.  ACTUAL POWER (KW) OF DG, PV AND LOADS IN THE 
INVESTIGATED HIGH LOADING CONDITION 

 Generation 
Load DG : PV 

DG PV Total 
1 119 54 173 176 69 : 31 
2 92 48 140 144 65 : 35 
3 125 36 161 145 78 : 22 
Σ  336 137 474 465 71 : 29 

 

The DG were modelled using the 5th order detailed 
dynamic model of salient-pole synchronous generators 
[22][23]. The nominal power of diesel motors was chosen to 
be 110 % of the nominal power of DG for a power factor of 
0.8. Since the considered loads’ nominal power factor was 
assumed to be 0.97, the remaining power in PQ diagram has 
been utilised. The speed governor and voltage regulator of 
the DG were implemented using the recommended models 
by IEEE – DEGOV1 and ESAC2A / ESAC3A [24] [25]. 
The effect of the saturation in the main synchronous 
generator and in the excitation machine was also taken into 
account. The calculated exponential parameters SG 10 and 
SG 12 of the main field saturation in the employed DG are 
0.2 and 0.8, respectively [26][27].  

The composite loads were assumed to be static and 
constant impedance – voltage dependent and frequency 
independent [23][28]. Further, the static loads belong to 
class G2 according to an international norm – ISO 8528-5 
[29][30]. The overhead lines – nominal voltage of 0.4 kV – 
within the individual microgrids has a R/X ratio of 1.62 and 
that of the interconnectors lie about 1.07 [8]. However, the 
R/X ratio of transmission lines is close to 0.1 [31]. The 
length of the lines in the microgrids varies between  
20 - 90 m, whereas that of interconnectors is between  
750 - 1000 m. 

B. Dimensioning of PV systems 

In this section the dimensioning of the three main 
components of PV systems – PV generator, DC-link 
capacitor and L-filter – is described. 

1) PV generator 
A PV generator is made up of several PV modules 

connected in series and parallel. Each of the PV system with 
a nominal power shown in Table 1, comprise of 28 modules 
in series and 6-9 modules in parallel. The datasheet of the 
employed solar module can be found in [32]. It was made 
sure that, the power of every PV generator under standard 
test conditions (STC) is less than the maximum allowable 
size of PV generators for the respective inverters. The PV 
generator is usually designed to be larger than the rated 
output power of the solar inverter. Further, the open circuit 
voltage of each PV generator should lie between the max. 
and min. input voltage of solar inverters. Lastly, the MPP 
voltage of every PV generator should be within the 
allowable range of MPP voltage in inverters. The datasheet 
of the inverter used in PV 1 can be found in [33] and that of 
PV 2 and PV 3 in [34]. 

2) DC-link capacitor 
DC-link capacitors are essential to compensate for the 

effect of inductance in solar inverters [35]. Further, these 
capacitors are used to filter the resulting voltage ripple on 
the DC-side of PV systems due to the high frequency 
switching in inverters e.g. PWM [36][37]. A DC/DC 
converter was not taken into consideration, since the 
nominal power of the PV systems is more than 30 kW [7]. 
Further, the voltage of the DC-link due to PV generators lies 
within the range of inverters’ ratings. For an effective PWM, 
the voltage of the DC-side should be more than a value, 
given as follows [15]: 

LL
D C

a

2 2

3

U
U

m
    (3) 
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where, ULL is the line-line voltage of the AC-side. The value 
of the modulation index ma was assumed to be equal to 1, 
since the inverter will be in saturation condition for values 
above 1 [11][15]. In all the PV systems, the chosen output 
voltage (778 V) of the PV generators at MPP lies above the 
minimum value of UDC (653 V). The value of the DC-link 
capacitance of each PV system was calculated using the 
following equation [15]: 

n
DC

DC,ripple

0.9

4 2

I
C

fU
    (4) 

where, In, f and UDC,ripple is the nominal current of inverters, 
nominal grid frequency and allowable DC ripple voltage, 
respectively. According to [15] the latter was chosen 
empirically to be 1.5 %. Therefore, the capacitance CDC of 
PV 1 is 10 mF, whereas that of PV 2 and PV 3 is 9 mF. 

3) Filter 
In general, an L- or LC- or LCL-filter can be employed 

to reduce the harmonics [11]. As mentioned earlier, to 
simplify the transfer function of the plant, an L-filter was 
taken into account [11][15]. Furthermore, an almost 
identical behaviour of both LC- and L-filter can be observed 
for frequencies less than the half of the resonance frequency 
[11]. The calculation of the filter inductance Lf is based on 
[11]: 

b l
f
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Z x
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where, Zb is the base impedance, xl is the percentage of the 
inductive reactance of the filter with respect to Zb (1 % for 
PV systems smaller than 100 kW) and Pn is the nominal 
active power of the PV system. The value of Lf in all the 
three PV systems is 0.1 mH. 

C. Calculation of the control parameters in PV systems 

The calculated values of the PI controllers in the inner 
and outer control loop will be given in this subchapter. The 
corresponding bode plots of the open-loop transfer functions 
along with step-response will be also presented. 

1) Inner current control loop 
According to (1) and for Ts of 1 ms the determined value 

of Kpc in PV 1, PV 2 and PV 3 is 0.12, 0.14 and 0.12 pu, 
resp. Tic in PV 1 is equal to 0.005, whereas that of PV 2 and 
PV 3 is 0.004 s. The Bode magnitude and phase plot based 
on the open-loop transfer function are depicted in Fig. 6. 
The phase-margin lies around 65° (in general, should lie 
between 20° and 70°). Further, the step-response of the 
closed-loop transfer function is also shown in Fig. 6. It can 
be concluded that, both the open- and closed-loop transfer 
functions are stable. [16][38] 

 
Figure 6.  Bode plot and step-response of the inner control loop 

2) Outer DC voltage control loop 
The calculated value of Kpv – using (2) – in PV 1 is 

1.67 pu, while that in PV 2 and PV 3 is 1.50 pu. Since the 
parameter a can be between 2 and 4 [15], the chosen value 
for the critically damped case – phase margin of 45° and 
damping of 0.707 – is 2.414. Consequently, Tiv in each PV 
system is 0.023, which is more than factor 5 compared to 
Tic. According to Fig. 7, the open- and closed-loops are 
stable. [15][16][38] 

 
Figure 7.  Bode plot and step-response of the outer control loop 

In spite of the calculated and validated values of Kpv and 
Tiv according to control theory, the results of several grid 
calculations were not satisfactory – oscillations lasting up to 
several seconds. Perhaps the ratio of Tiv to Tic was not large 
enough, so that the outer control loop was relatively faster. 
Thus, Tiv was exemplarily multiplied by 100 and is equal to 
2.3 s. With this, the grid simulations were comprehensible 
and no long-lasting oscillations were observed. 

D. Overview of the performed analyses 

Before carrying out grid investigations, the cluster grid 
model was validated at the operating point in the steady-
state and step-load change. Since there is no particular 
standard for the allowable range of voltage and frequency in 
microgrids, the validation was performed as per the 
international standard (ISO 8528-5) for reciprocating 
internal combustion engine driven AC generating sets 
[29][30]. In the steady-state, the voltage can vary between 
0.975 - 1.025 pu. Further, in case of a step-load change, the 
limits for the voltage and frequency are between  
0.8 - 1.25 pu and 0.9 - 1.12 pu, respectively. [29][30] In the 
following subsections, the performed investigations will be 
briefly described: 

1) Sudden change in solar irradiance 
Fig. 8 shows a section of the measured solar irradiance 

[39] on a sunny day with occasional clouds with a high 
resolution of 1 ms (averaged for 10 ms), where the 
irradiance gets reduced to 45 % within 2.5 s. Similarly, the 
irradiance reaches its initial value 1100 W/m² within 3 s. 
The temperature of the solar modules was assumed to be 
around 70°C. The main aim was to investigate the dynamic 
behaviour and stability of the cluster microgrid. 

 
Figure 8.  Profile of the measured solar irradiance [39] 
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It should be noted that, both the rotor angle and angular 
frequency were analysed in the centre of inertia (COI) 
reference frame [40]. If the rotor angle of any DG with 
respect to the COI reference machine exceeded 180°, the 
DG was considered to be out-of-step and no more in 
synchronism with the power system [41]. 

2) Different reactive current provision 
As per Fig. 4, various degrees of RCP were analysed for 

the most critical 3-phase fault in the cluster microgrid 
model: 100, 50, 25 and 0 %. The fault location was on line L 
3.3 very close to the busbar of DG 3.2 (cf. Fig. 5). The fault 
resistance was assumed to be 0.1 Ω and the fault clearance 
was performed at critical clearing time (CCT) by tripping 
the affected line (e.g. differential protection for high 
selectivity [42]). In case of 100 % RCP, the CCT of the 
analysed fault was equal to 185 ms. 

The deadband of the voltage at the PCC was assumed to 
be between 0.9 - 1.1 pu. If the voltage at the PCC was no 
more in the deadband, the provision was made within 20 ms. 
Once the voltage at the PCC lay within the deadband, the 
corresponding reactive current (according to the dashed 
slope in Fig. 1) was provided for further 500 ms. This will 
prevent voltage fluctuations due to the continuous activation 
and deactivation of the reactive power provision. [12] 

The scenario with 100 % was considered to be the 
reference scenario. Along with the system stability the 
dynamics of the DC-side of PV systems were analysed in 
detail. A comparison was made between two cases 
corresponding to 50 % and 0 %, where the active current 
gets the full priority in the latter case. To compare both the 
cases better, the duration between the fault occurrence and 
fault clearance (185 ms) was assumed to be identical. In the 
following two investigations, the best scenario of the RCP 
was taken into account.  

3) Disconnection of critical generation units 
In general, if the rotor angle of any DG exceeds 180° 

w.r.t. COI machine, then the corresponding DG is 
considered to be critical. However, in this subsection, the 
term critical is w.r.t. voltage at the PCC. Since there are no 
universal LVRT profiles in transmission networks and not to 
mention in microgrids, standard LVRT profile for 
generating units connected to the German low-voltage grids 
were taken as a reference [43]. If the voltage at the PCC of 
any DG exceeded 0.3 pu or of any PV was less than 0.15 pu, 
the corresponding generating unit was considered to be 
critical and disconnected from the microgrid. 

 
Figure 9.  Standard LVRT profile for synchronous generators (Type 1)  
and renewables like PV (Type 2) installed in the German low-voltage  

grids, according to [43] 

4) Central and decentral distribution of PV 
As the last investigation, the cluster microgrid (see 

Fig. 5) with the shown PV systems (µHybrid 1) was 

compared with another cluster microgrid with a decentral 
constellation of relatively smaller PV systems between 
14 - 36 kW (µHybrid 2). The total load and the total 
installed power of PV in each microgrid remained 
unchanged. µHybrid 1 was altered slightly with additional 
lines for the distributed PV systems. Similar to µHybrid 1, 
µHybrid 2 was also validated as per the ISO standard. 

IV. RESULTS AND DISCUSSION 

The significant results of the above mentioned analyses 
will be presented and discussed in this chapter. The first two 
investigations regarding solar irradiance and RCP will be 
discussed in detail. As far as the last two simulations are 
concerned, only the main results are presented in the form of 
text. 

A. Sudden change in solar irradiance 

The profile of the feed-in active power of the PV 
systems and DG is illustrated in Fig. 10. The feed-in power 
of the PV systems corresponds to the solar irradiance profile 
(see Fig. 8). Due to the reduction in the active power of the 
PV the frequency drops. Consequently, the mechanical 
power of each DG will be increased due to the fast reaction 
time of the speed governors – with a delay of just several 
tens of ms. The rise in the real power output of every DG 
can be noticed in the figure.  

It should be noted that, 1 pu corresponds to the nominal 
power of each DG for a p.f. of 0.8. Since the diesel motors 
are chosen to be 110 % of this power, the electrical power 
output is more than 1 pu, however, does not exceed 1.1 pu. 

 
Figure 10.  Active power output of the PV and DG 

In the high loading steady-state, the majority of the DG 
operates close to its limits (see Fig. 11). Once the 
mechanical torque (power divided by angular frequency) of 
the DG reaches its limit 1.1 pu, the power output remains 
almost constant. One of the machines (the largest machine) 
with the largest spinning reserve compensates for the loss in 
PV power generation. Thus, it is recommended in hybrid 
microgrids to allocate sufficient spinning reserve to the 
largest DG, even in the case of high loading conditions. 

 
Figure 11.  Mechnical torque and mechanical power of the DG 

Fig. 12 depicts the reactive power of the DG, operating 
in the overexcited mode, during the investigated period of 
time. Furthermore, the sudden drop in the PV power does 
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not have a negative impact on the rotor angle stability. The 
power angle or rotor angle (COI) of each DG is far away 
from the limits ±180° – resulting in a very stable operation.  

 
Figure 12.  Reactive power and rotor angle of the DG 

B. Different reactive current provision 

In the first part of this section the results of the 3-phase 
fault in microgrid 3 with respect to 100 % RCP will be 
discussed in detail. The fault is cleared at its CCT, i.e., 
185 ms. Subsequently, a comparison between 50 % and 0 % 
will be presented. 

1) 100 % RCP 
a) Angular frequency and rotor angle 

As mentioned earlier, both the angular frequency and 
rotor angle are analysed in the COI reference frame. The 
angular frequency of the DG located close to the fault 
location, i.e., DG 3.1 and DG 3.2, drops (see Fig. 13) 
because of mainly the subtransient short-circuit current and 
also residual voltage: Pe >> Pm. As a result of the drop in 
frequency, the speed governors increase the mechanical 
power input, with a delay of several ms. This leads to an 
increase in the frequency. In case of speed governors in 
transmission systems, the time delay is in the frame of 
several seconds [23][40]. However, in microgrids the 
assumption of a constant Pm will lead to incorrect results.  

A significant positive deviation in the rotor angle of the 
two DG can be observed. If the fault were to be cleared 1 ms 
after the CCT, the rotor angle of DG 3.1 would have 
exceeded 180°. A stable operating point will be reached 
within 1 s after several non-critical rotor oscillations. Due to 
tripping of the faulty line, the pre-fault and post-fault stable 
operating points of the DG are slightly different. 

 
Figure 13.  Angular frequency and rotor angle of the DG 

b) Active power of DG and PV 
The residual voltage in the affected microgrid drops up 

to a value of 0.3 pu and the high subtransient current in 
DG 3.2 reduces over several 10s of ms. Therefore, during 
the end of the fault-on period the real power of DG 3.2 is the 
lowest among the DG. Since the residual voltage in the other 
microgrids is relatively higher, the power output of the DG 
is slightly higher.  

Depending on the residual voltage at the PCC of the PV 
systems, the share of active and reactive currents with 

respect to 1 pu will be adjusted. Soon after the fault 
occurrence, the PCC voltage of PV 3.1, which is located in 
the faulty grid, lies around 0.7 pu. As a result and acc. to 
Fig. 4 (red profile), the ratio of the active and reactive 
current will be approx. 50:50 (not shown). The 
corresponding power reduction in PV 3.1 is clearly observed 
in Fig. 14.  

It should be noted that, the power output of the PV 
systems depends on the residual voltage. During the end of 
the fault-on period, the residual voltage in the other two 
microgrids drops up to value of 0.4 pu. Hence, as per Fig. 4 
full priority is given to the reactive current. Consequently, 
the real power of PV 1.1 and PV 2.1 is almost reduced to 
zero.  

 
Figure 14.  Active power of the DG and PV 

c) DC currents and DC-link voltage of PV 
The profile of the DC output current of the PV generator 

IPV and profile of the DC input current of the inverter IDC in 
PV 3.1 are shown in Fig. 15. The latter is identical to the 
trajectory of the active power in PV 3.1. Soon after the fault 
occurrence, IPV remains unchanged, since it depends on the 
module temperature and solar irradiance. The current 
difference between IPV and IDC will flow into the DC-link 
capacitor (acting as short-term storage), thereby increasing 
UDC, which is however less than the maximum allowable 
DC input voltage (1000 V) of the inverters. As a result, the 
operating point of the PV generator will drift away from the 
MPP and IPV will get reduced accordingly. Due to the 100 % 
RCP, the IPV will be further decreased – up to zero.  

 
Figure 15.  DC currents of PV 3.1 and DC-link voltage of all the PV 

As shown in Fig. 1, the DC voltage control restricts the 
sharp increase in UDC by reducing the signal I*

DC, which 
increases the amplitude of the reference current signal I*

d_ref. 
A clear distinction between the effect of the DC voltage 
control and 100 % reactive current is not possible, since 
both of them occur simultaneously. 

In the post-fault period, the current will flow out of the 
DC-link capacitor until the difference between IPV and IDC is 
equal to zero. This corresponds to the drop and returning of 
UDC to its post-fault value.         

d) Reactive power of DG and PV 
At the instant of fault clearing, the two DG in 

microgrid 3 operates in the underexcited mode, whereas the 
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rest of the DG provides capacitive reactive power – see 
Fig. 16. This is due to the relatively higher residual 
(terminal) voltage of the DG in microgrid 1 and 2. Since the 
voltage at the PCC of the PV does not lie within the 
deadband, capacitive reactive power will be provided by 
them. It should be noted that, in the DG 1 pu corresponds to 
the nominal reactive power for the p.f. equal to 0.8. Whereas 
in the PV systems, 1 pu is based on the rated active power. 

 
Figure 16.  Reactive power of the DG and PV 

In the post-fault period, DG 3.2 continues to operate in 
the underexcited mode, consuming the provided reactive 
power from the rest of the DG and PV. Further, the stator 
current of DG 3.2 reaches 2 pu, which is less than the rated 
continuous short-circuit current of the DG of about 3 pu 
[22]. Therefore, this is not considered as critical for the DG. 
On the other hand, the reactive power of the PV systems 
will increase sharply due to the sudden increase in the bus 
voltages soon after the fault is cleared. However, as the 
system voltages recover over time, a reduction in the 
reactive power of the PV is noticed. 

Once the voltage at the PCC of the PV lies within the 
deadband, the reactive current will be provided for another 
500 ms. Due to the tripping of the faulty line, the provision 
of the reactive power by DG will be slightly different.  

e) Critical busbar voltage and frequency 
Fig. 17 illustrates the profile of voltage and frequency 

observed at the critical busbar (BB) in each microgrid. The 
minimum voltage reached in microgrid 1-3 is equal to 
0.55 pu, 0.51 pu and 0.28 pu, respectively. The system 
voltage recovery lasts for about 700 ms.  

On the other hand, the measured minimum frequency in 
the cluster grid is about 44.4 Hz. These two profiles along 
with the other trajectories will be taken as reference for the 
discussion in the following subsection. 

  
Figure 17.  Voltage and frequency of the critical busbar in each microgrid 

2) Comparision between 50 % and 0 % RCP 
As mentioned in the methodology, in both cases the fault 

location as well as the fault clearing time are identical. Only 
in the first subsection, comparison based on the critical 
voltage and frequency in microgrid 3, for four different RCP 
will be presented. 

a) Critical busbar voltage and frequency in 
microgrid 3 

As far as the voltage profiles of busbar 3.3 (see Fig. 18) 
in the fault-on period (especially before the fault clearance) 
and post-fault is concerned, the case with 0 % RCP is 
assessed as the best case. Providing less reactive power in 
microgrids leads to better voltage profiles. In other words, a 
better system recovery is observed in all the three cases, 
where the active power of the PV is not constrained to zero. 

During the subtransient period, the voltage profiles are 
almost identical. The subtle difference in the voltage profiles 
particularly just before clearing the fault has a significant 
impact on the system behaviour. Since particularly the 
magnitude of the electrical output power of the DG depends 
on the residual voltage, a slight improvement in the voltage 
profiles leads to a smaller difference of Pm and Pe. This in 
turn results in relatively less rotor angle deviations (see 
Fig. 24) and thereby has a positive impact on the CCT.    

  
Figure 18.  Voltage and frequency of busbar 3.3  

(100, 50, 25 and 0 % RCP) 

In general, due to the negative power difference between 
the generation and load, a frequency drop is observed soon 
after the fault. The complete curtailment of the active power 
of the PV systems (equivalent to a load increase) leads to the 
worst frequency profile in the case of 100 % RCP.  

b) Active and reactive power of PV  
Compared to Fig. 14, a significant increase in the active 

power output of the PV is noticed in Fig. 19. Even though 
50 % of the priority is given to the active current, the profile 
of PV 3.1 in the below figure reaches 0 pu just before the 
fault clearance. It should be noted that, this trajectory 
depends also on the DC-link voltage.  

 
Figure 19.  Active power of the PV: 50 % and 0 % 

 
Figure 20.  dq-components of the reference and measured  

output current of PV: 50 % and 0 % 
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The dq-components of the reference input current signals 
in the current controller as well as the dq-components of the 
measured output current are presented in Fig. 20. 

The reduction in the provision of reactive power is 
evident in Fig. 21. Since the R/X ratio of the employed low-
voltage overhead lines is slightly greater than 1, the grid 
voltages do not depend particularly on the reactive power – 
instead more on the active power. 

 
Figure 21.  Reactive power of the PV: 50 % and 0 % 

c) Reactive power of DG 
The DG located near the fault do not operate in the 

underexcited mode for a long time as against the case 100 % 
RCP. Further, since the reactive power is completely 
curtailed in the PV systems in the case 0 % RCP, DG 3.1 
and DG 3.2 are not forced to consume the surplus capacitive 
reactive power – see Fig. 22. 

 
Figure 22.  Reactive power of the DG: 50 % and 0 % 

d) Angular frequency and rotor angle 
As mentioned in the beginning of this subsection, the 

influence of the different degrees of RCP in the subtransient 
period is in principle negligible. The profiles of angular 
frequency and rotor angle are identical in the first 50 ms 
after the fault occurrence. This is evident in Fig. 23 and 
Fig. 24.  

 
Figure 23.  Angular frequency of the DG: 50 % and 0 % 

 
Figure 24.  Rotor angle of the DG: 50 % and 0 % 

However, due to the best voltage profile for 0 % RCP 
(see Fig. 18) and correspondingly because of the smaller 
difference between Pm and Pe, the maximum rotor angle 
reached in DG 3.2 is approximately 60°, whereas in 50 % 
RCP the value lies around 90°. Further, the rotor oscillations 
in 0 % RCP are relatively not prominent. It can be inferred 
that, 0 % RCP has a significant positive effect on the voltage 
stability and consequently on the rotor angle stability. 

e) Influence of RCP on CCT 
In Table III the CCT with respect to different RCP are 

listed and compared. Higher ratio of ACP to RCP leads to a 
significant increase in the CCT. By giving an entire priority 
to the active current, i.e., 0 % RCP, the CCT can be 
improved by about 70 %.  

TABLE III.  LIST OF THE CCT AND ITS COMPARISON  
FOR DIFFERENT RCP 

 
Reactive current provision 

100 % 50 % 25 % 0 % 
CCT in ms 185 224 272 311 
Absolute 

change in ms 
- +39 +87 +126 

Absolute 
change in % 

- +21 +47 +68 

 

C. Disconnection of critical generation units 

In this section the analyses are based on the best case 
corresponding to the RCP: 0 %. It can be inferred from the 
investigations corresponding to the disconnection of the 
critical PV and DG that, the transient stability can be still 
guaranteed. 

None of the PCC voltage of the PV systems gets reduced 
to less than 0.15 pu, the PV with the least PCC voltage is 
disconnected at its least value, i.e., PV 3.1. As a result the 
CCT gets reduced from 312 ms to 297 ms, which 
corresponds to a decline of 5 %. This is as a result of total 
active power deficit and which in turn worsens the voltage 
profile. Therefore, the positive difference between Pm and Pe 
of DG 3.2 increases even further. Since DEGOV1 of the DG 
tries to increase the mechanical moment, the difference gets 
increased to a greater extent. If an additional PV were to be 
disconnected, the DG would have compensated for this loss, 
because of the very fast reacting speed governor. The 
duration of the system’s returning to a new stable operating 
point would slightly increase.  

The voltage at the PCC of the critical DG does not 
exceed the minimum allowable voltage, as depicted in 
Fig. 9. Thus, the critical DG based on the global minimum 
PCC voltage is taken out of operation, once this voltage is 
reached. In spite of several DG getting additionally highly 
loaded, the transient stability is still guaranteed. Further, the 
system voltage and also system frequency recover relatively 
slowly: around 1 s.  

From the system stability point of view, it is 
recommended to operate one of the DG, especially the 
largest machine, with a relatively larger spinning reserve not 
risking with the wet stacking of diesel motors. Since the 
acceleration time constant of the employed DG is between 
0.5 - 1 s, the DG acting as reserve can be quickly taken into 
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operation once the system is returned to a post-fault steady-
state.  

D. Central and decentral distribution of PV 

The CCT for the same fault close to DG 3.2 in 
µHybrid 2 gets increased by 5 % as against µHybrid 1. The 
voltage at the buses and its difference in microgrid 3 is 
presented in Fig. 25. It should be noted that, a sharp increase 
in the voltage difference around 2.3 s is due to the different 
fault clearing times. Decentral distribution of PV systems 
improves the voltage profile marginally during fault-on in 
case of the investigated fault, which in turn has a positive 
effect on the CCT. However, this is not always the case. A 
reduction by 17 % in the CCT is observed for a fault in 
microgrid 1. This calls for further investigations and perhaps 
with a different approach in detail. 

  
Figure 25.  Bus voltage in microgrid 3 as well as voltage difference in 

microgrid 3 (µHybrid 1 and µHybrid 2) 

V. CONCLUSIONS AND OUTLOOK 

The main goal of this paper was to model and analyse 
the transient stability of a realistic hybrid microgrid (with a 
total installed capacity of 760 kW) comprising DG and PV 
considering the DC-side of the PV. Several investigations 
were carried out at a high loading condition, where the ratio 
of the actual power of DG to PV lay around 70:30.  

In the first investigation, it can be concluded that, the 
significant reduction in the solar irradiance of about 55 % 
within 2.5 s does not have a negative impact on the transient 
stability of the studied microgrid.  

The key findings of the performed short-circuit 
investigations are as follows: The higher the ratio of ACP to 
RCP is, the better is the effect on the voltage and transient 
stability. Compared to the case with 100 % RCP, an increase 
of the CCT by a factor of 0.2 in 50 % RCP is observed. If 
the provision is given entirely to the active current, a 
significant improvement in the CCT by a factor of 0.7 is 
noticed. Therefore, it is recommended not to provide 
reactive power and curtail the active power output of PV 
systems in case of short-circuits in hybrid microgrids.  

Further, disconnection of the critical PV and DG does 
not pose serious problems regarding transient stability even 
in the high loading condition. The microgrid reaches the 
new post-fault steady-state slightly slower by 1 s. 
Nevertheless, it is advisable to install several DG as reserve 
and / or operate one of the active DG with a large spinning 
reserve from the system stability point of view. 

Lastly, the decentral distribution of PV systems has both 
positive and negative effect on the transient stability. The 
CCT of one of the two faults increases by 5 %, whereas the 
CCT of the other fault is decreased by 17 %.  

In a cluster microgrid environment, it is a tedious and 
ineffective process to assess or analyse solely the CCT using 
time-domain simulations. Further, with the help of a hybrid 
method [44][45] combining both time-domain simulations 
and energy function for DG, transient stability of hybrid 
microgrids – comprising DG, PV acting as current sources 
and BSS behaving as voltage sources – can be quantitatively 
assessed. Numerous scenarios like central vs. decentral 
distribution of PV, various operating points with different 
power allocation as well as controller settings etc. can be 
effectively studied and compared using the hybrid method in 
hybrid microgrids. 
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