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ABSTRACT

Among a variety of Distributed Generations (DGs), microturbine (MT) generation (MTG) systems are known
as highly reliable and efficient sources. The main application of MT include peak shaving, emergency power
and remote power in supplying industrial and domestic loads. The MT should support demands in any
conditions, which requires its proper control. Therefore, system accuracy and flexible management is crucial
issue.

Today, Model Predictive Control (MPC) is one of the effective methods for controlling different types of
converters. Use of MPC in MTG leads to higher adaptability, outputs precise adjustment and suitable power
flow.

In this paper, the MPC method is applied to control MTG's inverter irrespective of load type. Moreover, active
rectifier is used for proper DC-link voltage regulation. The simulation results indicate MPC appropriate
performance to control high-frequency MT in stand-alone mode for various scenarios. In other words,
proposed system can operate with constant, variable, non-linear and unbalance loads and output three-phase
voltages are not affected by these factors.

Keywords: Microturbine generation system, model predictive control, stand-alone operation, control of
voltage amplitude and frequency, controlled rectifier.

1. INTRODUCTION

Over the past decade, researches have been trying to analyze various types of DG such as
wind turbine (WT), microturbine (MT), photovoltaic (PV) and fuel cell in grid-connected or
stand-alone modes. It is widely accepted that MTG system is one of the most suitable means in
this area.

Because of the MTs inherent characteristics, they are used in a variety of, sometimes
challenging applications [1]. The MT should follow load variations to properly supply demands,
so load-following performance is a major issue [2].

The MTG dynamic modeling and its operation analysis in stand-alone or grid-connected
modes are solved problems [3-8]. Mentioned references are employed classical Proportional-
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Integral (P1) based control method in both modes. New methods in this area have helped the MTG
to operate properly. For example, modeling and controlling GAST based MT with active power is
an appropriate method [9] for connecting to network.

Simultaneous performance (grid-connected/stand-alone) of the MTG with a novel passive
filter called Remover Ripple Circuit (RRC) has been presented in [10] as a new MTG operational
aspect. The dynamic modeling and comprehensive load-following performance analysis of a split-
shaft MT has been illustrated in [11].

Use of algorithms and control methods can be useful. Detailed dynamic modeling based on
MPC [12] and differential evolutionary algorithm [13] are presented to improve the MTG
performance.

Hybrid energy systems (especially renewable generation) with the MTG [14-17] are an
efficient strategy to generate highly reliable power for consumers. The erratic nature of renewable
energies requires a quick and highly reliable source.

In the mentioned papers, the MTG stand-alone or grid-connected modes has been investigated
for various operational conditions and all of them used classical control methods. With respect to
the MT applications, it is sometimes supplies nonlinear or unbalanced loads, so more adaptability
is required and demand response in any situation is as its challenges. The MPC is one of the most
popular method that offers more flexibility than classic methods.

The use of MPC in converters has increased and a general overview of applications of this
method for power electronic converters is presented in [18]. The MPC current control for three-
phase inverters is investigated in [19-22] and MPC voltage control for Uninterruptible Power
Supplies (UPS) is illustrated in [23]. Literature reviews confirm usefulness of the MPC for
converters control.

In this paper, MPC method is applied to precisely control of a MT. In stand-alone mode, the
MTG must regulate output voltage as well as frequency at desirable value under any operating
conditions, regardless of the load (consumers) types. Interface converter is a controlled rectifier so
as to achieve higher adaptability and three-phase inverter is controlled by MPC. Different load
types as four scenarios are examined in stand-alone mode. The MT with proposed methods has
quick response to demands and it adjusts three-phase output voltages under each condition
properly.

The rest of this paper is organized as follows: Section 2 briefly explains the MTG system,
Sections 3 and 4 are dedicated to MTG modeling and control configuration for active rectifier as
well as three-phase inverter, respectively. Finally, the simulation results and conclusion are
presented in Sections 5 and 6, respectively.

2. MICROTURBINE SYSTEM

MTs are indeed small gas turbines operating based on the Brayton thermodynamic cycle [3].
Their output power ranges from 25 kW to 1 MW and their efficiency is about 20-30%; however,
an efficiency of over 80% will be possible with Combined Heat and Power (CHP) [1, 3].

Generally, MTGs offer advantages including compact size, low initial and maintenance cost,
high reliability, control simplicity, and low emission level as well as the potential of operation
with various fuels such as natural gas, diesel, propane, kerosene, and biogas [3, 10]. Due to the
mentioned advantages and potential merits of MTs, they can be used in many applications
including peak shaving, base load, and transportation systems [1, 3].
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Figure 1. The MTG system controlled by MPC

MT’s production system is similar to that of gas turbine. The main components include
compressor, combustion chamber, turbine, recuperator, and Permanent Magnet Synchronous
Generator (PMSG) [12].

First, the fresh air is drawn in to a compressor, which increases the air pressure. Afterwards,
the compressed air mixes with fuel (e.g. natural gas) to raise its temperature and pressure. Then,
the hot air expands through a turbine, which eventually makes PMSG rotate fast, thereby
providing electric power. The recuperator is employed to increase the efficiency of this cycle [10].
Recuperator is actually a heat exchanger which transfers heat from output hot gases to the
compressed air, resulting in less fuel consumption [5].
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Figure 2. The MT dynamic model
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There are two types of MTs based on how the above equipment is mounted, namely single-
shaft and split-shaft [3]. In the case of single-shaft, all equipment is mounted on a shaft and due to
the very high rotation speed, the output frequency is about 1-4 kHz. In the split-shaft model,
however, there are two turbines and two separate parts which are connected through a gear. The
output frequency is about 50-60 Hz and there is no need for power electronic interface [12].

Single-shaft MT is more common owing to its less maintenance and lubrication requirements.
Typically, due to their simplicity and low cost, AC-DC-AC power electronic converters are
employed, which first convert the high frequency voltage to the DC voltage using rectifier and
then convert it back again to the desired AC voltage (50 or 60 Hz) with the desired frequency and
domain using an inverter. These types of converters are called double conversion systems.

3. MICROTURBINE GENERATION SYSTEM MODELING

Fig. 1 shows a single-shaft MT in stand-alone mode that is controlled by MPC method. The
MTG output is connected to AC-DC-AC interface that inverter is controlled by MPC. Load model
is not considered and hence in any situation, sinusoidal voltage with 50 Hz frequency will be
generated. Voltage and current of the LC filter is used as MPC inputs to produce low harmonic
voltage as well as low frequency fluctuations.

3.1. MT modeling

As mentioned previously, the single-shaft MT consists of compressor, combustor, turbine,
PMSG and recuperator in the format of five controller parts. Dynamic model of a MT is shown in
Fig. 2 including speed control, acceleration control, fuel system, temperature control and turbine
dynamics.

Speed control operates based on error between reference speed (1 per unit) and rotor speed. A
lead-lag transfer function or Proportional-Integral-Derivative (PID) controller is used to model
speed governor [5]. In this paper, a lead-lag transfer function with constant values is considered.

0.4s +1
Gov = (25x ———) x (l—Wm ) (1)
0.05s +1

Where Gov is speed controller output, Wy, is PMSG rotor speed. Acceleration control is used
to limit increase of rate of rotor speed at stat-up of the MT. This block can be ignored when the
rotor speed is near the rated speed [10].

Control of turbine exhaust at a predetermined firing temperature is done by temperature
control. Temperature control consists of thermocouple and radiation shield series blocks. The
output of thermocouple is compared with reference temperature (950 °F). When the thermocouple
output exceeds the reference temperature, a negative difference cause to reduce temperature [3].
The exhaust temperature characteristic is as follows:

f, =950 +550(1-W )~ 700(1-W, ) @)

Where W; is fuel system output (after time delays).

Outputs of the speed governor, acceleration control and temperature control are entered to
Min block to achieve the least value. Output signal (Vcg) is passed through a limiter to enter to
fuel system. Limiter has an important role to maintain fuel demand as well as fire in a desirable
condition. Vg is scaled by 0.77 and offset by 0.23 that represents fuel flow at no load condition.
Gas turbine requires 23% fuel at no load condition and this is a major deficiency of them [3].

Fuel system consists of two series blocks which are valve positioner and actuator. There are
two times delay after fuel system. One is corresponding to combustor delay and another relates to
flow transferring.
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Figure 3. PMSM equivalent circuit model: a) d-axis, b) g-axis

Finally, burnet fuel is entered to turbine to produce mechanical power. Compressor and
turbine are considered as a package because they are coupled together. The turbine dynamic is
modeled by following transfer function:

, =1.3W, —0.23) + 0.5(1-W_ ) @®)

Where W, is turbine dynamic output.

So in general, the PMSG rotational speed is input of the system and mechanical torque is the
output. Note that, all controllers operate in Per Unit (P. U.) except temperature control. The
recuperator is not considered in the model because it is a heat exchanger to increase efficiency
and it has long time constant along with little influence on dynamic behavior.

3.2. PMSG modeling

The PSMG is a subset of synchronous generator in which rotor winding is replaced by
permanent magnet. It is used instead of typical synchronous generator because of rotor lower
power losses, lower maintenance costs, higher reliability, flexible configuration and it doesn't
require to separate excitation system [24].

In this paper, a two pole generator with a non-salient rotor at 1600 Hz (96,000 rpm) is
considered. The machine output power is 30 KW and its terminal line-to-line voltage is 480 V.
other parameters are: Ly=L4=0.6875 mH, r=0.2503 Q. It is assumed that flux established by the
permanent magnet is sinusoidal, which caused sinusoidal electromotive forces [10]. Electrical and
mechanical equations (in dg frame) for a two pole Permanent Magnet Synchronous Motor
(PMSM) is as follows:

= Electrical equations:
_ di _
Vy =iy +L I—a)qulq

(4)

v :rsiq+quTq+a;m|_did+4wm )

3
:E[zfiq +(Lg ~Lyigi | ®)

Where Ly and L are d and g axis inductances, respectively, r; is stator winding resistance, ig
and iq are d and q axis currents, respectively, vq4 and v, are d and g axis voltages, respectively, wn
(=W,,) is mechanical angular velocity, 4 is flux linkage and T, is electromagnetic torque.
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= Mechanical equations:

m = a) (7)
dt m
dw 1
dtm = J—(Te T, -Fa,) ®)

Where J is rotor and load inertia, F is rotor and load combined viscous friction, T, is
mechanical torque and 6,, is rotor angular position.

According to mentioned equations, equivalent circuit of the PMSG is shown in Fig. 3. Note
that, mentioned equations are related to PMSM and reverse current direction along with negative
electric torque are correspond to PMSG [3].

4. CONTROL CIRCUITS

In the AC-DC-AC interface converter based on active rectifier, there are two control
circuits: One control circuit for regulating and controlling the inverter and another for
adjusting the input rectified and regulating the DC-link voltage. In this paper, the
rectifier is controlled by a control method based on Pl controller and three-phase
inverter is controlled by MPC in order to supply the load properly.

A. Controlled Rectifier

Fig. 1 demonstrates the control diagram of the rectifier in the MTG. The PMSG three-phase
output voltages and currents as well as the DC-link voltage are applied as the control circuit
inputs so that desirable switching would occur. At first step, PMSG three-phase currents are
converted to dg0 frame according to the following equation and using the generator’s frequency
of output voltage:

iy cos(at) cos(mt —120") cos(et +120°) |[ i

iy :§ sin(at) sin(ewt —120°) sin(wt +1207) i: ©)

i i
JoL h bt o

The d-axis reference current is determined based on the voltage error between DC-link
voltage and reference voltage. In this system, Pl controller functions similar to the voltage
controller:

i =Kne, +Kyfedt e =V -V, (10)

C

Where, Kq and Ky are the proportional gain and integral gain of PI controller, respectively
and e, represents the voltage error. By subtracting the currents measured from the reference
currents and throughout the PI controller, the dq0 voltages are obtained.

Vo | [PHGST —ig)
Vg |=|PLGS —iy) (11)
V, 0

Typically, the value of g-axis reference current is considered zero. However, to manage the
output voltage, it can be constant number other than zero. Eventually, d-axis and g-axis voltages
are converted to abc variables by (12), and lead to generation of Pulse Width Modulation (PWM)
wave when compared with the carrier signal.
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v cos(at) sin(at) 1||v,
v, |=|cos(at —120") sin(et —120") 1||v, (12)
Vv cos(at +120°) sin(et +120°) 1||v,

c

B. MPC-controlled inverter

Use of an inverter with an output LC filter causes generation of sinusoidal voltages with low
harmonics. Control of the inverter is rather complex and difficult to achieve a suitable switching
status. In this paper, the control strategy is based on controlling the load frequency and voltage. In
other words, in the MT stand-alone mode, the voltage in terms of amplitude and frequency should
be regulated under any operating conditions.

To simply use of MPC, the inverter can be modeled systemically with a limited number of
switching states [23]. No need to the load information is one of the strong points of MPC voltage
control, where regardless of the load type, a sinusoidal output voltage is generated with a
frequency of 50 Hz.

In prediction horizon H, with the control horizon H;, MPC functions to achieve the optimal
solution, where always H. < Hj,. in any time sample, MPC predicts H, numbers of the variable of
interest and tries to achieve it with the control attempt H, [18].

To obtain the optimal solution, a function called cost function is defined [19]. Indeed, the
difference between the value generated by MPC and the desirable value of the variable
determines the cost function g, where the aim is to have the output follow the desired value.
Typically, modeling is done in discrete state and within a short sampling time.

1) The cost function

The selected cost function is used in the alpha-beta transformation and operated based on the
subtraction of the predicted voltage and reference voltage. The reference voltage is a sinusoidal
voltage with the frequency of 50 Hz. In this section, the optimal voltage is the one which
minimizes the cost function and indeed well follows the reference value. The following shows the
cost function:

J :t‘/cam‘f _Vcazp|+t‘/cﬂrEf _vcﬂp (13)

Where, VCZ and VC% are the real and imaginary parts of the output voltage ch,

ref

. and Vcrﬁe.f represent the real and imaginary parts of the reference voltage

respectively. Also, V
Vcref respectively. It is assumed that the reference voltage has no sensible changes and is constant
between two consecutive samplings.

2)Inverter model
A three-phase inverter with LC filter and unknown load is shown in Fig. 4, based on which the
mathematical relations have been presented.

In order to prevent the phases from becoming short-circuit, at any moment, one switch should
be turn on in each leg of the inverter. Indeed, the switching states is as follows:

_{1if S,,S,,S; on

. , i=a, b, c (14)
0 if S,,S;,S, on

Since at any moment, one switch should be turn on in each inverter’s leg. Thus, (14) can be
rewritten as a vector:
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Figure 4. Three-phase inverter with LC filter and unknown load
2 2
S =§(Sa+a8b+a S.) (15)

Where, a =1.,120°. Similarly, the output voltage of the inverter can be stated as a vector as
well as a function of phase-voltages:

2
V, =§(VBN +aVy, +avy ) (16)

Where, Vqn, Vpn, and Ve are the phase voltages to ground. The inverter’s switching strategy
causes generation of different voltages from the input to the output. Therefore, the vector of the
output voltage of inverter can be considered as the vector multiplication of constant input voltage
and switching vector as:

Vi =V xS (17)

Where, Vq is the DC-link voltage of the input. According to (15) and (17), it can be
concluded that eight switching states and thus eight output voltage vectors will be generated for
the inverter. Table 1 shows the output voltages resulting from the different switching states. Note
that V=V, and hence per eight switching states, there are seven different voltage vectors.

Table 1. Switching state and voltage vectors

S, Sp S. Voltage vector (V)

0 0 0 Vo0

1 0 0 A =%de

1 1 0 Vo= Y 1% v,
0 1 0 Vo= Y 11/ v,
0 1 1 Vo=-%Vy

0 0 1 Vo vy -1 /v,
1 0 1 Vo= v -1V v,
1 1 1 V,=0
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Figure 5. Generated voltage vectors of inverter across complex plane
Fig. 5 illustrates the generated voltage vectors of the inverter across complex plane.
3) Load model
Use of modulation methods causes the inverter to be considered continuous. Similarly, by (15)

and (16), the current passing through filter i, output voltage (across the filter) V., and load
voltage i, can be expressed as a spatial vector and as a unit relation based on three phases:

i :g(iLa+aij +a’iy, ) (18)
io =§(ioa +a‘i0b +a2ioc) (19)
Vc :g(vca +avcb +a2vcc) (20)

By calculating the spatial vectors related to each circuit parameter, standard equations so as to
predict the output voltage is obtained. By applying KVL and KCL to Fig. 4, we have:

Ld(;—thvi v, (21)
C%:iL—io 22)

Where, L and C represent the inductance and capacitor of the output filter. Equations (21) and
(22) can be expressed in state space as follows:

dL=AX +BU

dt . (23)
i, 0 -1/L7fi,. ] [ o Vv,

> = + .
v e o Tl el

y =CX -V, =[0 1]X (24)

Equation (23) has been used for predicting the output voltage and is considered as the final
relation.
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4) Discrete-time model for the prediction

In order to predict the output voltage, (23) should be rewritten as discrete for the sampling time
T,. One of the discretization methods has been stated as below [23]; nevertheless, in MATLAB
software by specifying the state matrices and sampling time, discrete matrices can be accessed
with “c2d” command.

A, =e"" (25)
TS

B, = [e""Bdr (26)
0

The discrete form of (23) is as follows:
X (k+D)=A,X (k)+ByU (k) 27)

Voltage prediction can be done by (27). In this equation, V. and i, which are the voltage and
current of filter, respectively, are obtained through measurement, and V; is specified according to
(17) and Table 1. Since the load has been considered as unknown, i, can be calculated
approximately by the following relation:

ik D)=, (k —1)—$—(vc(k)—vc<k _1) 28)

Where, k is related to the present sampling time, while k+1 is associated with the future
prediction. In each sampling, eight different output voltage are obtained per different V;, among
which the voltage that minimizes the cost function is chosen. The MPC function flowchart in
controlling of output voltage is shown in Fig. 6.
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Figure 6. MPC flowchart based on voltage control

5. SIMULATION RESULTS

In this paper, modeling and control of the MTG in stand-alone mode based on the MPC control
method is presented for greater flexibility. The simulation of MTG (Fig. 1) has been done in
MATLAB/Simulink environment and system parameters are given in Table 2.

To further investigate the mentioned control method, four different scenarios is presented for
load including constant RL load, variable RL load, imbalanced load and nonlinear load. The
amplitude of the reference voltage is 400 V with the frequency of 50 Hz, and also the MTG

values are measured in per unit (P. U.).

Table 2. Studied system parameters

Parameter Value
DC-link capacitor 4500 pF
Filter inductance 3mH

Filter capacitor 50 uF

Sampling time 25 us

Microturbine output power 30 kKW
Load Z,=50+j31.416
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A) Constant linear load

In the first scenario and for general assessment of the MTG performance with MPC control, a
constant load has been placed in the output, whose value is equal to Z_ (according to Table 2).
Expectedly and in the stand-alone mode, the voltage's frequency and amplitude should be
adjusted at 50 Hz and 400 V, respectively.

0. 5 0.51 . (Sec) 0.51 { (s00) 0.53 0.55
@ ®)

I I J
0.5 0.501 0.502 0.503 0.504 0.505

t (sec)
(©
Figure 7. (a) Output voltage, (b) output current, (c) PMSG output voltage at constant load
scenario

The changes in the fuel demand and variations in speed are shown in Fig. 8. The amount of
fuel in the steady state is about 0.337 p.u. and the speed is 0.994 p.u., which reach a constant
value after going through a transient state. As the output load increases, the fuel demand signal
will reach permanence at a higher value, and conversely the speed will reach at a lower value.

Fig. 9 shows output power of the load. The active power (blue) is around 3400 W and the
reactive power (red) is about 2100 Var. The power factor is 0.846, where the powers reach
steady-state after a short period of around 0.2 s.

The electromagnetic torque and the PMSG’s output active power are shown in Fig. 10. At
initial moments, an ascending value related to transient state exists, which after a short time, the
MT achieves a level of generation in line with the load demand and becomes constant. Note that
the output related to PMSG are as P.U. Considering the value of the generator’s power and the
load demand, there is load-following performance. The PMSG’s power value is in terms of P.U.
and the output power is obtained through multiplying it by 30 kW.

B. Variable linear load

In this scenario, alteration of the MTG output load is considered. First, the MTG supply Z,_ and
then, a load as large as 2Z, is applied to the system at t=1s. The additional load will be remained
until t=1.5s. The MPC main role is to regulate the amplitude as well as frequency of the voltage
during the load variations and the MTG load-following performance should also be maintained.
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Figure 10. (a) PMSG electromagnetic torque, (b) PMSG active power at constant load scenario

Fig. 11 shows the three-phase output voltage and current at the moment of load variation. As
can be seen, the voltage amplitude remains constant during the variation and no change occurs in
the value of operating frequency. Therefore, voltage is tracked sinusoidal reference properly.

The output current during load variation is shown in Fig. 11(b). As the load rise, the current’s
amplitude increases from 6.45 to around 10 A in a short time and maintains its sinusoidal state.
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Figure 11. (a) Output voltage, (b) output current at variable load scenario
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Fig. 12 demonstrates the changes in the DC-link voltage during load variations. With the rise
of load, the DC-link voltage drops slightly and reaches steady state immediatel. In order to
resolve the DC-link voltage drops, an energy storage unit (e.g. battery bank) can be used.

800 - |

0 0.5 1 15 2
t (sec)

Figure 12. DC-link voltage at variable load scenario

The output power is illustrated in Fig. 13. As can be seen, with the load rise, both active and
reactive powers increase simultaneously. Specifically, the active power increases from around 3.4
to about 5.1 kW and the reactive power rises from around 2.1 to 3.2 kVar. Considering double
load impedance, the power should increase by around half of its present value, where the results
are confirmed.
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Figure 13. Output power at variable load scenario

Fig. 14 shows the electromagnetic torque and output power of the PMSG. When the
additional load is applied, the PMSG's torque and power is increased too that shows load-
following performance of the MTG.
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Figure 14. (a) PMSG electromagnetic torque, (b) PMSG active power at variable load scenario
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C) Imbalanced load
In the third scenario, the imbalanced load has been considered in the output. Different load values

are connected to each phase including phase a as large as 0.5Z (yellow), phase b equal to Z_
(red), and phase c as large as 2Z, (blue). The MTG should have the ability of properly supplying
the imbalanced loads. This means that irrespective of the output current, a sinusoidal voltage with
a constant amplitude and frequency should feed the consumers.

The output three-phase voltage is shown in Fig. 15. In spite of imbalanced load, the output
voltage has a constant amplitude and frequency, and well follows the sinusoidal reference.
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Figure 15. Output voltage at unbalance load scenario

Fig. 16 shows the output current in the imbalanced load state. Expectedly, the current in each
phase has different value due to various load powers, where unbalance state is clearly observed.
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Figure 16. Output current at unbalance load scenario

Fig. 17 shows the inverter’s output current (i.e. i, ). The currents suffer from severe imbalance,
but the voltage emerges as balanced sinusoidal in the output.
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Figure 17. Inverter output current at unbalance load scenario
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D) Nonlinear load

In the last scenario, a nonlinear load is connected to output. The nonlinear load consists of a diode

rectifier and RL load with a power of S=500+j100 VA, which generates high amount harmonics.
Fig. 18 shows the three-phase output voltages. In spite of the nonlinear load, the voltage is

generated as sinusoidal with an amplitude of 400 V and frequency of 50 Hz and minimum extent

of harmonics.
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Figure 18. Output voltage at nonlinear load scenario

The output current is shown in Fig. 19, which is highly affected by harmonics and has
completely lost its sinusoidal state.
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Figure 19. Output current at nonlinear load scenario

The inverter’s output current is demonstrated in Fig. 20. Nonlinear load harmonics has a
detrimental effect on the currents, though the voltage is generated as completely sinusoidal with
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Figure 20. Inverter output current at nonlinear load scenario
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6. CONCLUSION

This paper presented dynamic modeling of a MTG using MPC control method in stand-alone
mode. Single-shaft MTs require interface converter due to generation of high-frequency voltages,
where AC-DC-AC configuration is selected in this paper.

The MTGs are mostly used as emergency or dispatchable sources in power system so, it is
required to generate sinusoidal voltage along with low THD irrespective of the output load types
and under any operational conditions. Accordingly, MPC method is chosen due to structure
simplicity and high flexibility. This control method is absolutely based on system model and
independent of the load type.

The simulation results indicated that MPC well regulates the output voltage in high-frequency
MTs for linear, nonlinear, imbalanced and variable loads, which results in improved stability and
dynamic responsibility. Use of MPC in MTG control is a novel and flexible method which is
investigated in this paper.
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