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Abstract. As a matter of fact, in the emerging field of distributed generation, micro turbines
(MT) are seen as having significant potential in power generation especially in recent years. In
reality, it can provide flexibility as well as robustness for PV generation system with great
performances. Therefore, with this in mind, this paper proposes a hybrid power system
integrating MT into PV generation system. To be specific, this study investigates as well as
discusses the operating principles of MT. On this basis, a coordinated PQ control strategy for the
hybrid PVMT power generation system is proposed. At the same time, the inertia enhancement
brought by the MT is analyzed validating the potential and feasibility of the proposed strategy.
According to the analysis, the current limitations as well as future improvements are discussed
in the meantime. Overall, these results shed light on guiding further exploration of MT
integrating PV generation systems and pave a novel path for designs.
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1. Introduction

In the context of increasingly severe energy and environmental issues, renewable energy sources like
wind and solar power have gained widespread attention due to their renewability and non-polluting
nature. However, the generation of renewable energy is significantly affected by environmental factors,
leading to high variability and intermittency, which pose challenges for its development. As renewable
energy and distributed generation become more prominent, there is an increasing demand for reliable
and efficient small-scale dispatchable power units. This is because intermittent renewable sources like
solar and wind cannot be easily controlled, causing fluctuations in the power supplied to the grid.
Therefore, auxiliary systems and hybrid technologies are needed to ensure stable power output and meet
demand [1, 2].

In this new power generation landscape, the local electricity supply systems, known as micro-grids
(MG), work together to balance the local power system. Unlike the main grid, a micro-grid is a single
controllable entity that can operate in grid-connected mode. Many studies have explored ways to
enhance the stability and maximize the utilization of photovoltaic (PV) systems within micro-grids. For
example, some researchers compare the advantages and disadvantages of various maximum power point
tracking (MPPT) methods for PV systems [3]; others propose a model predictive control strategy for
grid-connected PV inverters, achieving fast and precise control of inverter current and improving system
performance [4]; another study introduces a hybrid energy storage system based on super-capacitors and
batteries, along with control strategies to enhance power quality and grid dispatchability [5]; and one
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study addresses the issue of transient voltage stability in grid-connected inverters and suggests an inertia
control strategy to effectively improve the fault ride-through capability of micro-grid voltage [6].
While these studies have improved the performance of grid-connected PV systems through various
control algorithms, they often involve significant complexity and high deployment costs. Micro turbines,
which can provide fast, reliable power to compensate for fluctuations in renewable energy, ensuring
smooth output to meet energy demand, and offer advantages such as low emissions, high efficiency,
easy installation, and simple maintenance [7], has now become an attractive approach to solve the afore-
mentioned problems. Micro-turbine generator systems (MTGS) can deliver constant power with fast
response times, high reliability, and flexible control, making them well-suited for integration with PV
systems in hybrid micro-grid [8-10]. Therefore, this study focuses on the study of PV-MG hybrid power
generation systems. It begins with the modeling of micro gas turbine generator systems, followed by an
exploration of the operational and control framework of the hybrid power system. The feasibility and
advantages of the proposed strategy is validated through mathematic modeling and simulation results.

2. Modeling of micro-turbine generator system

Fig. 1 illustrates the configuration of a grid-connected micro-turbine power generation system. This
schematic features several key components, including a micro-turbine, a permanent magnet synchronous
generator (PMSQ), a rectifier, an inverter, a filter, and grid. In this setup, the micro-turbine compresses
high-pressure air and combines it with fuel in the combustion chamber. Following the combustion
process, the turbine is set in motion, which in turn causes the permanent magnet generator to spin and
produce medium-frequency, medium-voltage alternating current (AC) power. Before it can be integrated
into the distribution network, this AC power must first be transformed into standard frequency AC power
via the inverter [11].
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Figure 1. Structure diagram of micro-turbine grid-connected power generation system [11].

2.1. Modeling of micro-turbine

As previously stated, a micro-turbine can be viewed as a compact version of a gas turbine, functioning
on the same foundational principles as an open-cycle gas turbine, comprising of a compressor, a
combustion chamber, and a turbine, which together establish a fundamental Brayton cycle. Within this
cycle, the compressor draws in air, which is then heated through the introduction of fuel in the
combustion chamber, resulting in the production of high-temperature gases. Due to the low-pressure
ratio in the cycle, the net electrical efficiency of a micro-turbine in a basic Brayton cycle is generally
low [11]. Additionally, the power output is usually limited by the materials used in the turbine and the
cost constraints of installing internal cooling systems in small-scale equipment like micro-turbines. To
address this, industry practices include preheating the compressed air to reduce fuel consumption, which
can improve the overall efficiency of the micro-turbine [11]. As shown in Fig. 2 [12], in a combined
heat and power mode, the residual heat from the exhaust gases discharged from the heat exchanger can
be transferred to heating water through another heat exchanger, or used for cooling in a cooler.
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Figure 2. A standard micro-turbine cycle with a recuperator and economizer for combined heat and
power generation [12].

Based on the basic model of a single-shaft, single-cycle gas turbine proposed by Rowen, the MT
control system mainly includes three parts: speed control, temperature control, and acceleration control,
as shown in Fig. 3 [12]. Speed control is the most basic method for adjusting the output power of the
micro gas turbine. Acceleration control adjusts the fuel value according to the rate of speed change to
reduce thermal shock to high-temperature gas path components. Temperature control primarily works
by adjusting the fuel value to limit the temperature at the turbine inlet.
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Figure 3. Control model of micro-turbines [12].

The reference commands from these three controls are processed through a minimum value selector,
which chooses the smallest reference command as the fuel command sent to the fuel control system.
This command then adjusts the fuel control valve, changing the fuel amount to regulate the output
mechanical torque. Under normal operating conditions, the speed reference command is usually the
smallest, meaning the speed control system is the primary regulator. However, in special situations,
temperature control adjusts the exhaust temperature by changing the fuel amount to keep it within a
certain range, and acceleration control acts during rapid load reduction or load shedding to prevent
excessive rotor acceleration that could threaten the safety of the unit. The mechanical torque Tme
generated by the fuel combustion that drives the turbine's rotation and the exhaust gas temperature T
can be described by the following equations:

Tme = lpef — 700(1 - (l)f]) + 550(1 - (l)e) (1)
T = KHHV (0,-0.23)+0.5(1-,) )

where KHHYV is the coefficient related to the thermal value of the airflow in the combustion chamber,
typically set to 1.3. Trr is the reference value for the exhaust gas temperature, . is the electromagnetic
speed of the engine rotor, s is the temperature at the exhaust port, and o is the fuel flow rate entering
the turbine.
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2.2. Modeling of PMSG

PMSG has advantages such as a simple structure, high efficiency, high reliability, and high power
density, making it an important component of micro-turbine generator systems. Its mathematical
modeling is usually done in the dq coordinate system, where the three-phase AC quantities are converted
into DC quantities to simplify analysis and control. The stator voltage equation of the PMSG in the d-q
axis is given by:

. di .
vy = Rgig + Lg d—f — Lqpweig 3)
. di .
vy = Rsig + L, d—f + Lapweiq + Apw, 4)

where R; is the stator resistance, Lq and L4 are the inductances along the d-axis and g-axis, respectively,
A is the magnetic flux generated by the permanent magnet, p is the number of pole pairs, and v4 and vq
are the voltages along the d-axis and g-axis, respectively. The electromagnetic torque T. equation is
given by

T, = 1.5p[Aig + (Lqg — Lg)igiq] (5)
and the dynamic equation of the generator rotor is
do, 1
e =7 T = Tne) (©6)

where o is the mechanical speed of the engine rotor, and J is the rotor's moment of inertia.

2.3. Modeling of inverter
Inverter is the key component for connecting the MTGS to the grid. When the MTGS operates in grid-
connected mode, the inverter uses PQ control to reduce the impact on the main grid. It controls power
exchange with the grid according to the specified power output, with the main grid providing voltage
and frequency support. Additionally, since the inverter's output at the grid frequency usually contains
harmonics, an LC filter is typically installed at the inverter's output to filter out high-frequency
harmonics near the switching frequency, keeping the total harmonic distortion (THD) below 5%. The
inverter power generation model is shown in Fig. 4.
In the dq coordinate, the power on the inverter's AC side is given by:
P* = %(udid + uqiq)
L . )
Q"= E(uqld - udlq)

where ugq is the grid voltage, and id is the grid current. Apply the Park transformation on the grid voltage,
and use a grid voltage-oriented vector control, the d-axis is aligned with the grid voltage vector. This
makes uq equal to 0 and uq a constant value. At this point, the power depends only on the current values,
and the current reference values iq” and ig" can be calculated from the power reference values P*and Q*
as follows:

P =3y, id*=2p*
Q* = _zu ; Cox 207 (®)
- 2 dlq lq - 3ud

From Eq. (8), the PQ control block diagram is illustrated in Fig. 5. Based on the active and reactive
power reference values, the inner loop reference currents can be calculated. Through feedforward
decoupling, iq and iq will follow is" and ig’, respectively, meaning P and Q will follow P* and Q*,
achieving PQ control. The inner current loop control here is the same as the control strategy for the PV
inverter mentioned later.
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Figure 4. Main circuit topology diagram of inverter (Photo/Picture credit: Original).
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Figure 5. PQ Control Structure Diagram of MTGS (Photo/Picture credit: Original).
3. Modeling of PV-MT Hybrid Grid-Connected Power Generation System

3.1. Hybrid system framework

Fig. 6 displays the framework of the PV-MT hybrid power generation system. In this system, the PV
power generation system and the micro-turbine generator system are connected to the grid viaa common
connection point (PCC). The PV system achieves maximum power point tracking through a DC
converter, then connects to the AC bus via an inverter and filter circuit. The micro-turbine is connected
to the AC bus after rectification and inversion, as analyzed before, allowing the combined operation of
the photovoltaic and micro-turbine systems to supply power to the load. The PV system handles the base
load of the micro-grid, and the MTGS can cover the remaining load and stay in a standby mode as a
back-up source. The remaining question how is how to guarantee the two separate sources to operate in
a hierarchical way.

As mentioned before, when the MTGS operates in grid-connected mode, a control strategy for active
power (P) and reactive power (Q) is adopted to ensure system stability and efficient operation. The PQ
control strategy focuses on how to adjust active and reactive power to meet the grid's demands and
maintain system stability. To be more specific, the active power (P) control adjusts the output to match
the grid's power demand or the system's preset power output target, while the reactive power (Q) control
helps maintain voltage stability and optimize the power factor to meet the grid's voltage requirements.
Therefore, in the PV-MT system, the coordination control should also concentrate on the PQ control on
a higher level.
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In essence, the P coordination control needs to adjust the output power of the micro-turbine generator
system based on the load demand and the PV output, ensuring the smooth operation of the PV-MT
system. The Q coordination control is necessary to compensate for any shortfall in reactive power when
the photovoltaic system cannot supply all the required reactive power on its own, with the micro-turbine
generator system providing the additional reactive power.
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Figure 6. Coordinated control topology of PVMT generation system (Photo/Picture credit: Original).

3.2. PQ coordination control

Fig. 7 shows a PQ coordination control strategy for a PVMT power generation system, which includes
active power coordination and voltage fluctuation suppression control. For the active power
coordination part, the first step is to check whether the PV power P,, meets the load demand Pioad. If Ppy
is greater than or equal to Pioad , the system can meet the load demand utilizing only PV power, with no
need for additional power, and the PV sub-system operates independently. On the other hand, if Py, is
less than Pieaq , the PV sub-system cannot fully meet the load demand, and the MT needs to be activated
to supply the additional power needed. In this case, the MT provides the power difference, and the
PVMT system operates in a coordinated manner. The additional power demand for MTGS P*mt can be
written as

)

For the reactive power coordination control part, the system first detects the voltage deviation |AV pec
| (which refers to voltage fluctuations at the point of common coupling). If the voltage fluctuation
exceeds a certain threshold AVreshold, it indicates a significant voltage fluctuation that requires reactive
power adjustment to suppress. The reference reactive power Q* is calculated based on the equation:

Q" = K|4Vc| (10)

where K is a coefficient that determines the responsiveness of the reactive power adjustment. The system
then checks if the calculated Q* is within the allowable maximum reactive power range (where Qpymax
and Qmmax are the maximum reactive power outputs of the PV system and the micro-turbine,
respectively). If Q* is less than the PV system's maximum reactive power Qpvmax, the PV system directly
provides reactive power. If Q* exceeds Qpvmax but is within the combined maximum reactive power of

*
Pmt =Pload_va
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the PV system and MT system, the PV system provides its maximum reactive power, and the MT
supplies the remaining portion Q*mt as

th* = Q* - vamax (11)

If Q* exceeds the total reactive power capacity of both the PV and MT system, then Qpymax and Qmmax
togetherr provide the maximum reactive power the PVMT system can offer.
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Figure 7. PQ coordination control block diagram of the hybrid PVMT system (Photo/Picture credit:
Original).

4. Inertia enhancement analysis

The previous section explained the feasibility of the proposed PVMT strategy from a technical
perspective. This section highlights the advantages of integrating MT into PV systems from the inertia
perspective. In traditional power systems, inertia refers to the ability of rotating machinery, like
generator rotors, to store kinetic energy. When there are frequency fluctuations in the grid (such as
sudden increases or decreases in load), the system can temporarily stabilize the frequency by releasing
or absorbing this kinetic energy. Fig. 8 shows the impact of system inertia on frequency change (Af) and
power change (AP). The red curve represents a system with high inertia, while the blue curve represents
a system with low inertia. When a disturbance occurs, the system with higher inertia can better cushion
the rapid changes in frequency, whereas the system with lower inertia experiences a faster and larger
frequency drop, and its recovery is slower. Additionally, it can be seen that the presence of a generator
helps to more effectively regulate power output, slowing the rate of power change and gradually bringing
the power back to a balanced state. Inertia provides a short buffer time, allowing other control systems,
like frequency regulation mechanisms, to respond and maintain overall system stability.
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However, PV systems convert solar energy directly into electrical energy using semiconductor
devices like PV cells, which do not involve rotating machinery. As a result, PV systems naturally lack
the traditional mechanical inertia, making them slower to respond to grid frequency changes. This lack
of inertia poses challenges to grid stability, especially when PV systems are integrated on a large scale.
On the other hand, the turbine in the MT system is a rotating machine, providing a certain amount of
mechanical inertia. When grid frequency fluctuations occur, the micro gas turbine can offer an
immediate response through its rotational kinetic energy, helping to slow down the frequency changes.
This mechanical inertia is a significant advantage compared to the "zero inertia" of PV systems.

Frequency change Af,
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Figure 8. Effect of power system inertia (Photo/Picture credit: Original).

Fig. 9 shows the curve of frequency change Afr over time t, reflecting the system's frequency
response in scenarios with and without inertia simulation in the power system [13]. The black dashed
line represents the frequency change when the system lacks inertia. When the system experiences a
disturbance, such as a sudden increase in load or a decrease in generation, the frequency drops rapidly,
showing a significant initial frequency deviation. Over time, the system gradually recovers its frequency
through frequency regulation mechanisms, but without inertia support, the recovery time is longer, and
the frequency fluctuations are larger. The green solid line represents the frequency change when the
system includes inertia simulation. In this case, the additional kinetic energy provided by inertia
significantly reduces the magnitude of the frequency drop, and the recovery time is shorter. The
proposed PVMT system can offer a mechanical inertia response similar to that of traditional
synchronous generators, and immediately respond to changes in grid frequency, providing short-term

energy support, reducing the extent of frequency fluctuations, and thus improving frequency stability
and shortening the recovery time.
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Figure 9. Effect of inertia enhancement [13].

5. Conclusion

To sum up, this study proposes a hybrid PVMT power generation system that integrates MT into PV
generation systems. It models the MT and its control, proposes the PVMT framework, and analyzes the
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inertia benefits provided by the MT. Through coordinated control, the PVMT system can flexibly
manage the output of both the PV system and MT, ensuring stable operation under different load
conditions. Additionally, it can provide inertia support and actively participate in grid frequency
regulation. Therefore, integrating MT as a backup power source for PV systems is technically feasible
and valuable for scenarios requiring high reliability in power supply.
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