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ABSTRACT

The article presents the dynamic analysis of split-shaft microturbine
coupled with synchronous generator. Dynamic studies of microturbine
generator (MTG) system are investigated considering both speed con-
troller and load following controller. It is shown that speed controller is
necessary for MTG system when there is a sudden increase or decrease of
load demand with respect to the reference set point. A new load following
controller with a frequency deviation as an input signal to it, is also pro-
posed and eliminates the need of a speed controller for MTG system for
variations of load demand. Finally MTG system is connected to an 11 kV
rural distribution network to examine the transient behavior during active
power injection. Simulation results for various cases are presented.

Keywords: Split-shaft microturbine, synchronous generator, load
following controller, speed controller, rural distribution network.

INTRODUCTION

Due to restructuring of electric utility and increase of power de-
mand, distribution energy resources (DERs) have received significant
attention for improving the performance and reliability of power sys-
tem. Application of DERs also reduces the transmission and distribu-
tion power losses and improves the power quality. Distributed energy
resources may include fuel cells, photovoltaic cells, minihydro, wind
turbine generators and microturbine generators (MTGs) etc. Also from
the public environmental policy, lots of scope is there for large-scale in-
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tegration of DERs into distribution system [1]. MTGs are quite useful for
peak saving customer’s base-load requirements, or can be used for stand
by and cogeneration applications.

Microturbines are small and simple-cycle gas turbine with out-
put ranging from 25 kW to 500 kW. There are essentially two types of
microturbines. One is high speed single-shaft unit with the compres-
sor and turbine mounted on the same shaft as the electrical alternators;
turbine speeds mainly range from 50,000 rpm to 120,000 rpm. The high
frequency ac voltage generated by the alternator is converted to standard
power frequency voltage through the power electronic interfaces. The oth-
er type of microturbine is a split-shaft design that uses as power turbine
rotating at 3000 rpm /3600 rpm and a conventional induction machine or
synchronous machine connected via a gearbox for speed multiplications.
Development of microturbines technology is reported in several refer-
ences [2, 3, 4].

Several researchers have studied the dynamic analysis of a MTG
system. Zhu and Tomsovic [5] have studied the load following perfor-
mance of MTG and fuel cells. Their analysis reveals that the MTG system
is capable of providing load following service. El-Sharkh et al [6] have
also studied the load following behavior of MTG and fuel cells. Their
model includes a speed controller to bring back the frequency to its nom-
inal value. Saha et al [7] have also studied the load following behavior
of a MTG system for different loading conditions. Wang and Zheng [8]
have also studied the power-electronics based MTG system connected
to distribution network. Jurado and Saenz [9] have proposed an adap-
tive control technique for hybrid power system with fuel cells and MTG
system. Ho et al [10] have studied the dynamic performance of a MTG
system for cogeneration application. Bertani et al [11] have also studied
the dynamic behavior of MTG system for both islanding and grid con-
nected modes.

Most of the single-shaft MTG systems use a permanent magnet
synchronous generator (PMSG) or asynchronous generator for gen-
eration of power, and the operation of MTG system is considered in
islanding or grid connected mode [1, 11, 12]. Single-shaft configuration
with asynchronous generator or PMSG is simple and power electronics
rectifier-inverter is used to supply power to the load at nominal voltage
and frequency [5, 11, 12]. Single-shaft high speed PMSG has some draw-
backs such as high centrifugal forces, more thermal stress, rotor losses
due to fringing effects, demagnetization effect, high cost etc. [11, 12]. On
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the other hand, induction generators are cost effective and robust but
their speed depends on load and require grid interface through power
electronics converter systems.

Very few researchers [7, 13] have studied the dynamic analysis of
microturbines with a synchronous generator (SG) but complete block
diagram representation of such MTG system equipped with speed con-
troller and load following controller is not available in the literature [7,
13].Main advantage of split-shaft configuration is that it does not require
an inverter to convert the frequency of the ac power. Another advantage
of coupling a split-shaft microturbine with synchronous generator is
that it eliminates the use of rectifier and power converter. In this case,
the turbine is connected to generator via a gearbox to generate standard
50/60 Hz power.

In this article, a split-shaft Microturbine coupled with an SG is used
to study the load following performance in stand-alone mode and also
its performance when it is connected to a rural distribution network.
Main focus of this article is active power control. A proportional-integral
(P-I) type speed controller is used along with a P-I type of load following
controller.

It is also shown that a load following controller can also act as a
speed controller, if frequency deviation is used as an input signal to the
load following controller and hence eliminates the need of a speed con-
troller. To the best of the authors knowledge, this important issue was
not addressed by the previous researchers for MTG system. Another
aspect of this research work is the performance of MTG system when it
is connected to a rural distribution network and this issue was also not
addressed by the previous researchers for MTG system.

MODELING OF SPLIT-SHAFT MTG SYSTEM

Zhu and Tomsovic [1] have presented the details modeling of split-
shaft microturbine system. They have modeled this split-shaft microtur-
bine as a simple-cycle, single-shaft gas turbine. The GAST model is most
commonly used dynamic model of gas turbine units without droop. It is
a Western System Coordinating Council (WSCC) compliant model and
the model is simple and follows typical modeling guideline [14]. Micro-
turbine does not use any governor and hence governor model is omitted.
In this work, the authors have used the widely accepted GAST turbine
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model. The main blocks of MTG system are shown in Figure 1. In Figure
1, damping of turbine is neglected as its effect on dynamic performances
is negligible [5, 7, 14].

The microturbine output being the mechanical power change AP, .
If AP, , represents an electrical load change, the difference (AP, - AP, ,)
is absorbed by the power system, where the MTG system is connected.
Now (AP, - AP, ) is accounted for in two ways [15, 16]:

I.  Rate of increase of stored kinetic energy (KE) in the generator rotor.
At scheduled system frequency (f,), the stored energy is

W, =H x P, kW-Sec (1)
Where
P, = rated capacity of MTG (kW)

H = inertia constant (Sec).

The kinetic energy is proportional to square of the speed (hence frequen-
cy). The kinetic energy at frequency (f, + Af) is given by

2
W, :W]wo((fﬁAf)J
/i

2HP, d
f, dt

d _
= W) = (Af)

)
II. It is assumed that the load is sensitive to the speed (frequency)

variation. However, for small change in system frequency Af, the

rate of change of load with respect to frequency, that is %% can be

regarded as constant. This load changes can be expressed as:
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Where D' = a—L“’ = constant.

Therefore, the power balance equation can be written as:

Hence,
2H d
AP, (pu)— AP, (pu) = ——— (&) + DAf
1 dr
Where D= Il
P

T

In Eqn. (4), AP, and AP, , are now in per unit (pu) values.
Taking the Laplace transform of Eqn. (4), we get:
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= power system time constant.

r - 2H
PDf(‘)

1 .
K,= o gain of power system.

In Figure 1, power system block is also shown. Other blocks in Fig-
ure 1, are Low Value Gate (LVG), Burner, Turbine and Temperature con-
trol loop are well defined in [5, 6, 12]. In addition to that, speed controller
and load following controller are also shown in Figure 1. The main focus
of this article is on the electric-mechanical behavior of the system at nor-
mal operating conditions. Fast dynamics such as loss of power, faults,
start up and shutdown transients are not considered in this study.

DYNAMIC ANALYSIS OF THE MTG SYSTEM

Dynamic performances of the MTG system shown in Figure 1, are
carried out for different cases. For all the cases, it was assumed that ini-
tially MTG system was running on no-load for 10 sec. Gain parameters
of the speed controller and load following controller are selected by trial
and error and for all the case studies, these gain parameters are kept
fixed. Parameters of the system are given in Appendix.

Case-1: In this case, load demand P, , = 0.4 pu and P, was set to 0.4 pu.
Only load following controller is in operation and no speed con-
troller is used (K" = 0, k). Figure 2 shows the dynamic response
of power output and Figure 3 shows the dynamic response of
frequency deviation. From Figure 2 it is seen that the microturbine
power output takes about 40 sec to match the load. From Figure 3
it is seen that the frequency deviation (Af) at steady state is zero,
although there was no speed controller. This is obvious, because
P..=0.4 puand load demand P, , = 0.4 pu and microturbine output
power exactly chasing the load demand.

Case-2: In this case load demand has increased from 0.4 pu to 0.5 pu,
ie. P, =0.5puand P, = 0.4 pu. Load following controller is in
operation and no speed controller is used (K", = 0, K”; = 0). Figure
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4 shows the response of microturbine power output and Figure 5
shows the response of frequency deviation (Af). From Figure 4 it is
seen that the microturbine power output at steady state is 0.4 pu
because P, = 0.4 pu. As the load demand P, (= 0.5 pu) is greater
than the set value P ; (= 0.4 pu) and no speed controller is used, at
steady state there is an error in frequency deviation (Figure 5).

Case-3: In this case, condition is same as given in Case-2 but load fol-
lowing controller and speed controller are both in operation.
Figure 6 shows the response of output power and Figure 7 shows
the response of frequency deviation. From Figure 6 it is seen that
at steady state, microturbine output power is equal to the load
demand P, = 0.4 pu. This has happened because speed controller
was in operation to make the frequency deviation zero at steady
state (Figure 7).

From the above studies (Case-1, Case-2 & Case-3) it is clear that
when P = P, , no speed controller is required. However, if P ;= P,
there will be a steady state error in frequency deviation and in this case
operation of speed controller is must to make the frequency deviation
zero at steady state.

USE OF FREQUENCY DEVIATION AS AN INPUT
SIGNAL TO THE LOAD FOLLOWING CONTROLLER

In this section, it will be shown that if we use frequency deviation
(Af) through a proportional gain [ as an input signal to the load fol-
lowing controller, then no speed controller is required for MTG system.
Structure of MTG system with such controller is shown in Figure 8.

Case-4: In this case P, is set to 0.4 pu and load demand P, = 0.4 pu
(i.e. condition is same with Case-1) and the load following control-
ler with a frequency deviation signal as an input to it as shown in
Figure 8 is used. Figure 9 shows the power output response and
Figure 10 shows the frequency deviation (Af) response. For the
purpose of comparison, dynamic responses as obtained in Case-1
is also shown in Figures 9 &10 respectively. From these figures, it is
seen that power output is exactly matching the load demand and
frequency deviation is zero at steady state. Comparing the dynamic
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responses of Case-4 and Case-1, from Figures 9 and 10, it is found
that when frequency deviation is applied to the load following
controller as an input, peak deviation and settling time are less as
compared to that obtained with Case-1.

Case-5: In this case P, = 0.4 pu but the load demand has increased from

Case-6: In this case P

0.4 pu to 0.5 pu, i.e. P, = 0.5 pu (condition is same with Case-2).
Load following controller as shown in Figure 8 is used. Figure 11
shows the dynamic response of power output. From Figure 11 it is
seen that, although P, = 0.4 pu, but microturbine power output is
exactly matching the load demand P, , = 0.5 pu because in this case
frequency deviation is used as an input signal to the load follow-
ing controller (Figure 8). Figure 12 shows the dynamic response of
frequency deviation and it is seen that at steady state frequency
deviation settles to zero. The dynamic responses of this case (Case-
5) is compared with the dynamic responses of Case-2, which can be
seen in Figures 11 and 12 respectively. It can be noticed in Figure
12 that when only load following controller was used there was an
error in frequency deviation and power generation was not match-
ing with the load demand at steady state, but when frequency
deviation is applied as an input to the load following controller the
frequency deviation become zero at steady state and the at steady
state the power generation is same with the load demand.

rof = 0.4 pu but the load demand has decreased from
0.4 pu to 0.3 pu. Same load following controller as shown in Figure
8 is used. Figure 13 shows the dynamic response of power output
and it is also seen that the power output settles to the value of load
demand P, = 0.3 pu at steady state. Figure 14 shows the dynamic
response of frequency deviation and at steady state frequency de-
viation settles to zero.

From the above analysis (Case-4, Case-5 & Case-6), it may be

concluded that the speed controller of MTG system is not required if
frequency deviation is given as an input signal to the load following
controller. Another advantage of such MTG control scheme as shown in
Figure 8 is that, if there is any change in load demand, there is no need to
change the power reference set point of load following controller by the
MTG operator and the output of MTG system will automatically follow
the load demand.
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EFFECT OF ACTIVE POWER PENETRATION
IN A RURAL RADIAL DISTRIBUTION NETWORK

Figure 15 shows a 12 node 11 kV rural radial distribution network.
MTG system is connected at node8througha 440 V/11kV (A - L)) trans-
former. Data for this distribution system is given in Appendix. For MTG
system, P = 0.6 (150 kW) was set. Figures 16, 17, 18 and 19 show the
dynamic responses during transient imbalance. From Figure 16 it is seen
that power output of MTG system settles to 0.6 pu at steady state. From
Figure 17 it is seen that frequency deviation settles to zero at steady state.
Figure 18 shows the dynamic response of voltage magnitude of node
12during transient imbalance and at steady state voltage profile has
improved due to active power penetration by MTG system. Similarly,
Figure 19 shows the active power loss variation during transient imbal-
ance and at steady state active power loss has decreased.

Before connecting MTG system to distribution system, total active
power loss was 20.71 kW and after connecting MTG system to distribu-
tion network, total loss is 12.01 kW. Table-1 gives the steady state volt-
age magnitude of the network before and after connecting MTG system
to the distribution network. There has been significant improvement of
voltage profile after the connection of MTG system to the radial distribu-
tion network.

CONCLUSIONS

In this work, dynamic analysis of MTG system has been studied
considering P-I type speed controller and P-I type load following con-
troller. Analysis reveals that when reference power set point is equal to
load demand, then load following controller forces the MTG power out-
put to match the load demand at steady state and hence frequency de-
viation settles to zero at steady state and no speed controller is required.
However, if load demand and reference power set point are not equal
then operation of both speed controller and load following controller are
required.

A new P-I type load following controller with frequency deviation
as an input signal to it has also been proposed for MTG system. Advan-
tage of such MTG control scheme is that it automatically follows the
variations of load demand and no need to change the power reference
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set point of load following controller by the MTG operator and also elim-
inates the need of a speed controller and gives better dynamic responses
in terms of peak deviation and settling time.

Dynamic responses of MTG system has also been examined when
it is connected to a rural distribution network. It was found that dur-
ing transient imbalance, its performance was satisfactory and at steady
state it improves the voltage profile and reduces the power loss of the
network by 42%.
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APPENDIX: Figures and Tables
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Figure 10: Comparison of frequency deviation of MTG system in Hz between

Case-4 & Case-1
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Figure 15: 12 node radial distribution network with MTG system connected
at node 8.
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Figure 16: Active power generation By MTG system in pu when connected to
a 12 node distribution network.
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Figure 17: Frequency deviation of MTG system in Hz when connected to a 12
node distribution network.
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Figure 18: Voltage magnitude of node no 12 in pu when MTG connected to a
12 node distribution network.



Active power loss in kKW

46

Distributed Generation and Alternative Energy Journal

22

[
=
T

—
=)
T

—
o
T

—_
=
T

—
=
T

10
0

Time in sec

20 25

Figure 19: Active power loss of the 12 node distribution network in kW when
MTG connected to a 12 node distribution network.

TABLE 1: Voltage magnitudes of 12 nodes of distribution network
Node no Voltage magnitudes (pu) without MTG system Voltage mag-
nitudes (pu) with MTG system connected at node 8

Node no Voltage magnitudes ( pu) Voltage magnitudes (pu)

without MTG system with MTG system

connected at node 8
1 1.0000 1.0000
2 0.9943 0.9958
3 0.9890 0.9920
4 0.9806 0.9864
5 0.9698 0.9799
6 0.9665 0.9780
7 0.9637 0.9766
8 0.9553 0.9739
9 0.9473 0.9733
10 0.9445 0.9705
11 0.9436 0.9697
12 0.9434 0.9695
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TABLE 2: Parameters of split-shaft MTG system model

Parameters  Representation Value
P: Rated Real power generation capacity 250 kW
T Fuel system lag time constant 1 10.0s
T, Fuel system lag time constant 2 0.1s
T3 Temperature control loop lag time constant 30s
K, Low value gate 0.7

K Temperature conirol lcop gain 1.0

D Damping of generator 0.667
H Inertia of generator 0.86
Vmax Maximum value position 1.2
Vin Minimum value position -0.1
Liax Temperature control loop reference 1.2
K, Proportional gain of load following controller -3.5
K, Integral gain of load following controller -6.0
K Proportional gain of speed controller -0.4
K Integral gain of speed controller -0.85
B Proportional frequency gain 50.0

TABLE 3: Parameters of 12 node distribution network

Branch | Sending | Receiving | Branch Branch Active power | Reactive power
no. end end node | resistance | reactance | load at load at receiving
node no. | no. (ohm) (ohm) receivingend | end node
node (kW) (kVAr)

1 1 2 1.093 0.455 60 60

2 2 3 1.184 0.494 40 30

3 3 4 2.095 0.873 55 55

4 4 5 3.188 1.329 30 30

5 5 6 1.093 0.455 20 15

6 6 7 1.002 0417 55 55

7 7 8 4.403 1.215 45 45

8 8 9 5.642 1.592 40 40

9 9 10 2.890 0.818 35 30

10 10 11 1.514 0.428 40 30

11 11 12 1.238 0.351 15 15
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