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Abstract—On-site power generation systems, integrating 
combined heat and power (CHP) and solar photovoltaics (PVs), 
could bring significant energy cost savings to the electricity 
consumers and reduce carbon emissions. This paper presents 
detailed modeling of an existing gas-turbine-based 5-MVA CHP 
unit located on a university campus. In addition, integration of a 
10-MW solar farm into the campus microgrid is investigated. A 
virtual synchronous generator (VSG) approach is proposed to 
control the PV system as a double-stage PV-VSG, which emulates 
the rotational inertia of a conventional synchronous generator 
(SG) using only the dc-link capacitor. The coordinated control of 
the two generation facilities is studied when the microgrid is in 
islanded mode. The large capacity of the PV farm is leveraged to 
serve part of the campus baseload demand when sufficient solar 
power is available, while the CHP is on hot standby. When the 
grid frequency stabilizes, the CHP will be brought online for load 
sharing. The underfrequency load shedding (UFLS) is also in 
place to arrest the potential rapid frequency fall. The simulated 
campus microgrid system is developed in MATLAB/Simulink to 
verify the modeling accuracy and control performance.  

Index Terms—Combined heat and power (CHP), photovoltaic 
(PV), virtual synchronous generator, droop control, microgrid. 

I. INTRODUCTION 
Microgrids are small self-sufficient power systems that can 

operate independently of the utility grid, i.e., in islanded mode. 
Their infrastructure facilitates the ever-increasing deployment 
of distributed energy resources (DERs) to achieve resiliency, 
economy, and sustainability goals. Among the mix of DER 
fleet, the combined heat and power (CHP) and the solar 
photovoltaics (PVs) are two technologies that have been 
gaining traction worldwide.  

CHP, also known as cogeneration, is often extolled for its 
high energy conversion efficiency by harnessing the waste heat 
produced during the electricity generation process. The 
collected heat is used for heating or cooling buildings, or for 
some heat-intensive industrial processes. Moreover, CHP 
generally consumes greener fuels such as natural gas, biomass, 
or biogas with reduced carbon emissions. In an islanded 
microgrid, CHP could be base-loaded or used as spinning 
reserve to overcome intermittency of renewable energy 
sources (RESs). A CHP unit mainly consists of a prime mover 
(e.g., a gas turbine (GT) or fuel cells), a generator, and a heat 
recovery system. Modeling of CHP units has long been an 

ongoing research topic, and there have been several types of 
models [1-3] in the literature. However, the Rowen’s model, 
which was initially developed for industrial heavy-duty GTs, 
is well recognized as more explicit in terms of control 
functions [4] than the others.  

Conventionally, the grid integration of PV systems is based 
on grid-following inverters to take advantage of the free RES 
in the maximum power point (MPP) tracking mode. However, 
grid-following inverters are unable to help regulate the system 
voltage or frequency [5]. As the penetration of inverter based 
RESs continues to increase, low-inertia power grids are 
experiencing greater frequency excursions and voltage 
variations [5] due to decreased inertia and reactive power 
support from synchronous generators (SGs). To date, some 
efforts have been directed towards controlling the PV systems 
as virtual SGs (VSGs) with improved damping and inertia. 
Intrinsically, these VSGs are built upon grid-supporting 
inverters with droop control. In the literature, there are 
primarily two types of PV-VSG approaches. In some studies, 
energy storage systems (ESSs) and their bi-directional dc-dc 
converters are placed at the dc link to stabilize the voltage [6-
7]. Obviously, the ESSs would incur additional costs. In 
addition, the contribution of PV cannot be explicitly justified 
because the primary regulation is only provided by the ESSs. 
Other methods eliminate ESSs, and PV-VSGs are controlled 
away from the MPP to provide active power reserve [8-9] or 
using the dc-link capacitor of the inverter to provide inertia 
support [10-11]. However, a phase-locked loop (PLL) is 
required in [8, 9, 11], which might cause instability issues, 
particularly in a non-stiff grid. Further, some papers such as [8] 
adopt a single stage topology, thus limiting the PV operating 
range. To this end, addition of a dc-dc stage is preferred. The 
proposed PV-VSGs in [10-11] were validated only in a single-
DER system. And the effect of solar irradiance (SI) on the PV-
VSG operation was not investigated in [10]. As solar power 
shortage is possible, control of a PV-VSG without ESSs needs 
to be coordinated with other DERs in islanded microgrids. 

The main contributions of this work are: 
1) A double-stage PV-VSG model is proposed to model the 

10-MW PV farm in a campus microgrid. This configuration 
does not necessitate ESSs or PLLs. In addition, a single-
shaft GT is accurately modeled to simulate the Solar 
Centaur 40 CHP unit located on the university campus.  
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2) Coordinated control between the PV farm and the CHP unit 
under SI intermittency with underfrequency load shedding 
(UFLS) in place is studied for the stable operation of the 
campus microgrid in islanded mode.  

The remainder of this paper is organized as follows: Section 
Ⅱ presents the detailed modeling of the single-shaft GT-based 
CHP unit. Section Ⅲ discusses the modeling and control of the 
double-stage PV-VSG system. Numerical simulation results of 
coordinated control between the two systems in the campus 
microgrid are presented in Section Ⅳ. Section Ⅴ concludes 
this paper and discusses the future work. 

II. CHP MODELING 
Fig. 1 shows a typical single-shaft GT-based CHP unit with 

its major components [2]: a compressor, a combustor, and an 
expansion turbine (ET). The heated flow expanded in the ET 
drives the compressor and the generator (G), while the heat 
recovery steam generator (HRSG) recovers waste heat from 
the exhaust gases. The steam produced by the HRSG can be 
used for heating/cooling or to drive a steam turbine. 

 
Fig. 1. A typical CHP unit with a single-shaft GT. 

A. Gas Turbine Thermodynamics 
In essence, all GTs are based on the Brayton cycle. 

Referring to the temperature-entropy diagram of the Brayton 
cycle in [12], it is assumed that an ideal isentropic process 
occurs in both the compressor and the ET. Hence, we define 

𝑥! ∶= $𝑃𝑅" ⋅ 𝑤#$)
!"#$
!"                     (1) 

𝑥% ∶= $𝑃𝑅" ⋅ 𝑤#$)
!%#$
!%                     (2) 

where 𝑃𝑅" is the nominal compressor pressure ratio, and 𝑤#$ 
is the airflow rate (𝑤) in per unit (pu). 𝛾!	and 𝛾% are the cold-
end and hot-end ratios of specific heats, respectively. 

An irreversible adiabatic process is assumed in the 
compressor, so the compressor discharge temperature 𝑇& (K) 
can be calculated as: 

𝑇& = 𝑇' -
(")'
*"

+ 10                         (3) 
where 𝑇'  (K) is the ambient temperature and 𝜂!  is the 
compressor efficiency. 

Likewise, the ET exhaust temperature 𝑇+ (K) is derived as: 
𝑇+ = 𝑇, 21 − -1 −

'
(%
0 𝜂-4              (4) 

where 𝑇,  (K) is the ET inlet temperature, and 𝜂-  is the ET 
efficiency.  

Assuming an isobar process in the combustor and 

considering the heat absorption rate (kJ/s) lead to 
𝑇, = 𝑇& + 𝜂!./0
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where 𝐻 is the lower heating value of the fuel, and 𝜂!./0 is the 
combustor efficiency. 𝑤4"  and 𝑤"  are the nominal fuel flow 
and airflow rates (kg/s), respectively. 𝐶#% is the specific heat 
of hot-end air at constant pressure. 

It is also assumed that 𝑤4  is negligible compared with 𝑤 
[12]. The net mechanical power produced by the GT could be 
calculated as  

𝑃5,#$ =
7+
7+(

= 3&*⋅3(⋅92&%⋅(;,);-))2&"⋅(;.);$)=

7+(
        (6) 

where 𝐶#!  is the specific heat of cold-end air at constant 
pressure, and 𝑃5" is the nominal gross power output (kW). 

The thermal power collected by the HRSG is 
𝑃>;,#$ = 𝐾 ⋅ 𝑤#$ ⋅ 𝑤" ⋅ 𝐶#% ⋅ 𝑇+            (7) 

where 𝐾 is a system-specific constant coefficient. 
B. Control Loops 

The GT-based CHP dynamic model is proposed and 
simulated as shown in Fig. 2. The speed governor (speed 
controller) is operated in standard droop mode for load sharing. 
It can also be in the isochronous mode to eliminate the speed 
deviation from the speed reference 𝜔?@4. 

 
Fig. 2. Dynamic model of the GT-based CHP.   

The acceleration controller limits the acceleration of the 
generator rotor during the start up or for a sudden loss of load. 
This controller becomes secondary in normal operations. 

A proportional-integral (PI)-based temperature controller is 
employed to adjust the turbine temperature  𝑇+ by reducing the 
fuel flow. If the measured  𝑇+ exceeds the reference 𝑇+,?@4, the 
controller will come off the maximum limit and integrate down 
such that its output starts to act through the low value select 
block, whose output is 𝑤4,#$. 

In practice, the position g of variable inlet guide vanes 
(VIGVs) at the front of the compressor should be controlled to 
regulate the airflow drawn into the compressor when the GT is 
at part load or during start up. This way, 𝑇+ can be maintained 
at an adequate level that benefits the downstream HRSG. In 
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this dynamic model, 𝑇+  is kept lower than 𝑇+,?@4  by 
considering an offset, e.g. 1% of the rated value. The VIGV 
controller modulates g, which in turn changes 𝑤#$ along with 
the rotor speed 𝜔?.  

The no-load consumption 𝑘AB  ensures satisfaction of the 
minimum fuel requirement for self-sustaining combustion, 
which is crucial for compressor operation. Also, the valve 
positioner and fuel system dynamics are approximated as first-
order transfer functions. 𝑘C = 0	if the GT operates on gas fuels. 

III. PV-VSG CONTROL SCHEME 
Fig. 3 illustrates the topology and two-stage control diagram 

of the proposed PV-VSG. The front-end dc-dc boost converter 
is controlled to mimic the prime mover of a conventional SG, 
while the rear-end dc-ac inverter is controlled to mimic the SG. 
In the following subsections, the control modules relevant to 
the two stages are elaborated respectively. 

 
Fig. 3. Topology and control diagram of the PV-VSG. 

A. Front-End Control 
To avoid over-modulation and instability, the PV is operated 

on the right side of the MPP based on a power-voltage 
characteristic curve estimated directly via the measured solar 
irradiance and PV cell temperature [13]. Thus, a droop 
equation is introduced: 

𝑉#D
?@4 = 𝑉#D," −𝐷#D(𝜔" −𝜔/)           (8) 

where 𝑉#D,"  matches the desired active power reserve to 
provide prime mover response, and 𝐷#D  is the droop 
coefficient. They are determined from the estimated 
characteristic curve. 𝐷#D  and 𝑉#D,"  can also be periodically 
updated to keep track of the real-time operating conditions.  𝜔" 
is the nominal angular frequency, and 𝜔/ is the virtual angular 
frequency generated in the rear end. A PI controller is designed 
with a large time constant to mimic the slow response of a 
prime mover. The duty cycle of the boost converter is adjusted 
via the PI controller so that 𝑉#D  closely tracks 𝑉#D

?@4 . This 
negative feedback mechanism automatically balances the load 
if the available solar power is enough for active power reserve. 
B. Rear-End Control 

An analogy can be made between the SG rotor and the dc-
link capacitor 𝐶E! of the inverter using the swing equation: 

𝑝F" − 𝑝.$- = 𝐽𝜔/𝜔̇/ = 𝐶E!𝑉E!𝑉̇E!          (9) 

where 𝐽 is the combined moment of inertia of SG and prime 
mover. 𝐶E!  is used to emulate the inertia. Therefore, 𝑝F" 
flowing in the direction of 𝐶E! is equivalent to the mechanical 
power from the prime mover, and 𝑝.$-  is equivalent to the 
electromagnetic power across the SG air gap.  

A linear mapping is adopted between the dc-link voltage 𝑉E! 
and 𝜔/: 

𝜔/ = 𝜔" +
'
G/"

(𝑉E! − 𝑉E!,")        (10) 

where 𝑉E!,"  is the nominal dc-link voltage, and 𝐷E!  is the 
droop coefficient. It was proved in [10] that (10) along with (9) 
can lead to 𝐽 = 𝐷E!

H/",(
I(

𝐶E!, enabling proper selection of 𝐷E!.  
The reactive power controller is similar to the 

automatic voltage regulator (AVR) plus a reactive power-
voltage droop controller. The reference output voltage 
magnitude is obtained by integration: 

𝑉.,?@4 = 𝐾FJ ∫C𝑄" +𝐷J(𝑉" − 𝑉.) − 𝑄E 𝑑𝑡      (11) 
where 𝑄  and 𝑉.  are the measured/calculated output reactive 
power and the output voltage magnitude at the LC filter. 𝑄" 
and 𝑉" are their nominal values; 𝐷J is the droop coefficient.  

In fact, there should also be a damping power term in Eq. (9) 
to model the effect of SG damper windings. This paper adopts 
the damping method proposed in [14], since it can flexibly 
improve the damping of responses without compromising the 
desired inertia response. Define 𝐬I𝐧KKKKKK⃗ (𝜃) ∶=
2sin	(𝜃) sin	 -𝜃 − &K

,
0 sin	 -𝜃 + &K

,
04  and 𝐜𝐨𝐬KKKKKK⃗ (𝜃) ∶=

2cos	(𝜃) cos	 -𝜃 − &K
,
0 cos	 -𝜃 + &K

,
04. Assuming the 

actual output voltage 𝒗. = 𝑉. 𝐬I𝐧KKKKKK⃗ (𝜃.) , the derivative of the 
inner product readily yields the difference between 𝜔. and 𝜔/: 

E
E-
(〈𝒗., 𝒄𝒐𝒔KKKKKKK⃗ (𝜃/)〉) =

,
&
𝑉.(𝜔. −𝜔/)𝑐𝑜𝑠(𝜃. − 𝜃/)     (12) 

hence, the damping term 𝑉E/# = − &
,
𝐷 E
E-
(〈𝒗., 𝒄𝒐𝒔KKKKKKK⃗ (𝜃/)〉) is 

added to 𝑉.,?@4  to generate the modified reference voltage 
magnitude 𝑉.)E,?@4; 𝐷 is the damping coefficient. A low-pass 
filter (LPF) is employed because the derivative can amplify 
high-frequency noises. The inverter reference voltage is 
generated via two cascaded PI controllers working in the 
synchronous d-q reference frame.  

It is noteworthy that the proposed PV-VSG without ESSs 
may be limited in mitigating large SI fluctuations, especially 
when it operates alone and the available solar power suddenly 
becomes insufficient. Thus, coordinated control with other 
DERs is necessary to improve power quality. In the case of 
severe power deficits, UFLS schemes can be further pursued 
to maintain the frequency. 

IV. SIMULATION OF THE COORDINATED CONTROL BETWEEN 
THE TWO SYSTEMS IN THE CAMPUS MICROGRID 

To validate the GT-based CHP and PV-VSG models and 
demonstrate their coordinated control in an islanded campus 
microgrid, numerical simulations of a prototype campus 
microgrid as shown in Fig. 4 are implemented in MATLAB/ 
Simulink. During a utility power outage, the campus microgrid 
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will operate in the islanded mode, i.e., the static switch at Bus 
1 remains opened. The capacitor bank (CB) is activated for 
reactive power support. During school days, the loads at Bus 4 
and Bus 5 are identified as critical, while the other loads are 
noncritical ones. The 5-MVA Centaur 40 CHP model contains 
a salient-pole SG fitted with the generic IEEE DC1A exciter. 
Averaged models of the boost converter and the inverter are 
employed in the PV-VSG model for simulation speedup. The 
detailed control and system parameters are given in [15]. 

 
Fig. 4. Single-line diagram of the campus microgrid system. 

The dynamic active load at Bus 3 is modeled to test the 
transient performance of the proposed PV-VSG under different 
loading conditions. Specifically, the dynamic active load 
experiences a step increase from 0 to 1.2 MW at t = 10.2 s and 
then a step decrease to 0.8 MW at t = 18.7 s.  To further explore 
the effect of solar irradiance (SI) on the PV-VSG operation, a 
varying SI shown in Fig. 5 is used throughout the simulation.  

 
Fig. 5. Solar irradiance curve. 

In order to illustrate the coordinated control of the CHP and 
PV-VSG, the simulation scenario is designed such that the 
CHP unit only supplies the local load at Bus 5 initially and can 
enter the hot standby mode once dispatched. The rest of the 
campus is served by the PV farm with the assumption that the 
available solar power is initially adequate to provide active 
power reserve. However, since the grid frequency may drop 
due to plunged SI or increased campus loads, UFLS should be 
in place to prevent the frequency from falling below the 
minimum permissible value, e.g., 59.3 Hz. When the 
frequency stabilizes after some transients, the CHP unit will 
start to synchronize to deliver reliable power and enhance 
system inertia. It should be noted the design of a UFLS scheme 
is system-specific and beyond the scope of this paper. For 
simplification, we set the UFLS such that the load at Bus 2 will 
be shed when the system frequency reaches 59.7 Hz, and the 

dynamic active load will be shed once the frequency drops 
below 59.6 Hz. Other loads are shed in further steps when 
lower frequency thresholds are met. And this relay setting is 
consistent before and after CHP synchronization. The ambient 
temperature is assumed to be 27.5 °C, and 𝑉E!," is 10 kV. 𝑉#D," 
is initially set as 5847 V, resulting in an active power reserve 
of around 5 MW. The total simulation time is 90 s with a time 
step of 50 μs. 

The dc-link voltage of PV-VSG and the angular frequencies 
of both DERs during the simulation are presented in Fig. 6. As 
shown in Fig. 6, with a constant SI in the first 25 seconds, the 
PV-VSG solely responds to the change in loads with a varied 
𝑉E!, which relates to a constantly identical waveform of 𝜔/ 
due to the introduced linear transformation. It is also observed 
that a change in SI leads to a variation in 𝑉E! and 𝜔/, e.g., at 
the transient right after t = 25 s. However, the frequency does 
not change rapidly due to the inertia emulated by the capacitor. 
The CHP unit is called upon as hot standby at t = 20 s. Pre-
synchronization is initiated at t = 27.93 s when the system 
frequency stabilizes at 59.75 Hz after the SI decreases for the 
first time. CHP synchronizes to the rest of the grid at t = 31.06 
s for load sharing. Meanwhile, the governor speed reference 
𝜔?@4 is adjusted from 1.008 pu to 1.014 pu and remains fixed 
afterwards. Owing to the CHP’s participation in frequency 
regulation, the grid frequency recovers and settles at 59.928 Hz 
at t = 35.51 s. As the SI goes up at t = 50 s, the PV power is 
adequate to supply the loads such that the dc-link capacitor is 
recharged, thus increasing both 𝜔/  and 𝑉E! . At t = 65 s, SI 
plummets from 870 to 350 W/m2. The UFLS protective relays 
are automatically triggered at t = 65.37 s and t = 65.69 s to shed 
the load at Bus 2 and the dynamic active load, respectively. 
The frequency finally settles at 59.806 Hz. Fig. 7 displays the 
power outputs of the two DERs throughout the simulation. 

 
Fig. 6. CHP and PV-VSG frequency responses and PV-VSG dc-link voltage. 

 
Fig. 7. Active and reactive power outputs of CHP and PV-VSG. 

Authorized licensed use limited to: Stevens Institute of Technology. Downloaded on February 12,2022 at 16:15:33 UTC from IEEE Xplore.  Restrictions apply. 



It is clear that, before the CHP is synchronized, the PV-VSG 
is able to achieve automatic load balancing despite variations 
in the SI. This capability is ensured by sufficient active power 
reserve. After the CHP unit is synchronized to the microgrid, 
it begins to pick up part of the loads. Interestingly, the active 
power shared by the CHP and PV systems are not in a fixed 
proportion at all times but affected by the varying SI. After the 
SI plunges at t = 65 s, the CHP unit takes over too much active 
power and almost reaches its apparent power rating. 
Consequently, the reactive power capability of the CHP unit 
becomes very limited. It is also worth noting that the CHP unit 
alone cannot serve the entire electrical load of the campus once 
the sun stops shining. Hence, uprating the existing CHP unit or 
installing additional CHP units would be favorable to the stable 
and safe operation of the campus microgrid. 

The variables related to the thermodynamic equations of the 
CHP’s gas turbine are illustrated in Fig. 8. 

 
Fig. 8. Illustration of the variables in the GT thermodynamic equations. 

Prior to synchronization, the GT exhaust temperature is 
maintained close to the reference value 465 °C, albeit at part 
load. This is because the VIGV controller is in action, which 
regulates w to a relatively low level. Once the CHP is 
synchronized, the fuel flow rate rises so as to provide a higher 
mechanical power output. As 𝑇+ surpasses the reference, w is 
controlled to reach a higher level so that 𝑇+ is brought back 
near the reference again. It is also observed from Fig. 8 that the 
temperature controller also acts by decreasing 𝑤4 , which is 
evidenced after the instants t = 31.06 s and t = 65.69 s. 
However, the VIGV control has a slower response than the fuel 
flow rate control. Besides, Fig. 8 shows that the mechanical 
power output 𝑃5 varies almost linearly with 𝑤4, which checks 
with the aforementioned GT thermodynamic equations. 

It has also been verified that the voltage magnitudes at all 
buses are maintained within the typical permissible bounds 
from 0.95 to 1.05 pu as shown in Fig. 9, when the campus 
microgrid is in islanded mode. 

 
Fig. 9. Voltage magnitudes at various buses. 

V. CONCLUSIONS 

In this paper, a campus microgrid coordinately supplied and 
controlled by the CHP and PV systems in islanded mode is 
modeled with high precision. A double-stage PV-VSG control 
scheme is proposed to study the integration of a 10-MW PV 
farm. This method utilizes the dc-link capacitor for inertia 
emulation and demonstrates satisfactory transient performance 
under varying operating conditions. Moreover, the feasibility of 
the coordinated control between the two systems for stable 
operation has been corroborated in the numerical simulations. 
However, the proposed PV-VSG operates with a variation in 
the dc-link voltage and operating alone needs the supplement 
of UFLS in the case of plunging SI. In the future, we plan to 
integrate an ESS with the dc-link capacitor to further improve 
inertia support and transient stability. Electricity and gas co-
optimization will also be considered in the campus microgrid 
for enhanced campus energy system economic operation. 
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