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Abstract: Microturbine generation system is one of the most promising and a fast growing
distributed generation sources. It is used in various applications thanks to high efficiency,
quick start and high reliability. Combination of the microturbine and storage system (e.g.
battery bank) is desirable selection to satisfy the load requirements under all conditions and
hence the battery bank can play an important role in restoring balance between source and
demand. In this paper, modeling of the microturbine with battery energy storage system is
presented to supply sensitive loads. Appropriate power exchange between battery and the
microturbine is an essential issue so, a new control method is proposed for battery energy
storage based on instantaneous value of DC-link voltage. In this new strategy, DC-link
voltage as well as battery parameters (current and voltage) are used in order to produce
desirable DC-DC switching. A control scheme based on voltage, current and frequency
measurement is presented for the corresponding inverter. Simulations are carried out in
MATLAB/Simulink software and the results show that storage along with proper control
improves system reliability to supply sensitive load. The proposed configuration can be
used as a remote power, emergency power and also in micro-grid.

Keywords: Microturbine Generation System, Battery Energy Storage, New Control

Strategy, Isolated Mode, Sensitive Load.

1 Introduction

HE Microturbine (MT) generation (MTG) system is

a relatively new Distributed Generation (DG) and
fast growing technology which is appropriate for small
scale generation [1] because of compact size, quick
start, long life time, reliability and durability, low initial
and maintenance costs, low emission level, and ability
of operation with alternative fuels including natural gas,
biogas and diesel [2]. The MTG is indeed a small gas-
turbine  which  operates based on Brayton
thermodynamic cycle [3]. Smaller size and higher
power density are desirable factors to use MT in any
low power demand areas instead of conventional gas-
turbine. The MT generates power within the range of
25-1000 kW and its efficiency is around 20-30% [4],
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where up to 80% can also be achieved by Combined
Heat and Power (CHP) system [2]. These generation
systems are used for a wide range of applications such
as peak shaving, CHP, remote power, premium power,
transportation system, resource recovery, base load
power and stand by services [4].

The literature review shows there is extensive thrust
on application of the MTG for reliable DGs. Research
areas include simulation and development of inverter-
interfaces MTs. Detailed dynamic modeling and
simulation of a MTG is presented in [5] and [6] that are
the first papers in this area. Modeling, simulation and
control of AC-DC-AC based MTG for isolated and grid-
connected modes is well pursued in many research work
such as [7-10]. In [11] simultaneous isolated and grid-
connected mode operation of the MTG along with boost
converter and also a novel passive filter, namely
Remover Ripple Circuit (RRC), is presented to supply a
non-linear load. Mentioned references use classical
control at steady state operation.

Dynamic modeling, simulation and performance
analysis of a MTG based on gas-turbine governor model
(GAST) is illustrated in [12] and [13]. In [12],
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additional voltage controller as well as speed controller
and active power controller is applied for load-
following performance of the MTG system. In [13]
dynamic modeling and active power control is
explained to supply individual resistive-inductive (RL)
loads and connection to distributed network. In [14]
detailed model of MTG component and controllers with
novel P-V control strategy is proposed.

Recently, researches focus on hybrid micro-grid in
which there are renewable sources with back-up
generations like MTG or diesel generator along with
Battery Energy Storage (BES). In [15] dynamic
modeling, energy management and control of isolated
power generation consisting of a MT, a tidal turbine, an
offshore wind turbine and a lead-acid battery storage is
presented. The MTG with battery are used as back-up
generation and it is applied to various control methods
so as to management optimal sizing of the hybrid
system and extraction of maximum energy from wind
turbine. In order to achieve high reliability and
uninterrupted power supplying with low pollution, the
photovoltaic (PV) system integrated with the MTG is
suggested in [16]. Full load and part load performance
of a Solid Oxide Fuel Cell (SOFC) coupled with four
different commercially available MT is reported in [17]
that reveals useful data. In [18] combination of SOFC
and MT is suggested to supply a rural micro-grid. Fuel
of the MT is biogas as a renewable energy and a Three-
Levels Neutral Point Clamped (3LNPC) inverter is as an
interface for hybrid power system.

However, the mentioned studies are not reliable
enough under isolated operation conditions and requires
extensive investigation to resolve the technical issues.
When the load increases or suddenly decreases, DC-link
variations become challenging. The MTG with Energy
Storage (ES) system can be used as an individual DG to
ensure the availability of power at the load terminals in
any situation.

Fig. 1 shows an isolated single-shaft MTG with BES
system. According to Fig. 1, ambient air enters the
compressor and then, the compressed air mixes with
fuel in combustor section. High pressure and hot
exhaust air passes through a turbine that is coupled to a
high frequency generator to generate electricity [2]. In
order to reduce fuel consumption, the heat of turbine
expanded gasses transfers to compressor discharges by a
recuperator. The MTG high frequency produced voltage
is converted to direct voltage through AC-DC converter
and then converted back to alternative voltage through
DC-AC inverter. A BES system is connected so as to
regulate output voltage and active power. This system
operates in isolated mode to supply a sensitive load and
it can interact with other DGs as a back-up source.

This paper presents dynamic modeling of the MTG
with the BES system that is supplying a sensitive load.
This system can be used as an individual DG in rural or
impassable places to reduce costs and improve
reliability. Suitable power flow of battery pack is an
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essential issue and hence a new control strategy is tested
based on Hysteresis Current Control (HCC). In this
method, instantaneous measurement of DC-link voltage
along with battery current and voltage enters the HCC
system for appropriate switching. With the help of
predefined limits, the DC-link voltage instantaneous
monitoring causes the utilized control strategy to
suppress load variations. The hysteresis bands
determine switching time interval so a proper power
flow occurs in order to respond to load demands. The
DC-AC inverter control uses current, voltage and
frequency to obtain sturdy control instead of classical
control. The suggested model is simulated in
MATLAB/Simulink environment with the simulation
results showing that the battery/microturbine hybrid
energy storage technology with the new control scheme
can guarantee power quality supplied for costumers
without voltage fluctuations. The paper is structured as
follows. The BES and inverter control circuits are
outlined in section 2, the MTG simulation results with
and without BES is presented in section 3 and section 4
is dedicated to conclusion.

2 Model Description

This section is dedicated to the modeling of MTG and
interface converters. The MTG dynamic modeling can
be found in many studies such as [2, 5, 11]. The MTG
two poles generator parameters are presented in
Appendix [2]. The BES new control strategy along with
storage configuration and the inverter control is
expressed in the following subsections.

2.1 Isolated Inverter Control Scheme

Adjustment of frequency and voltage is main purpose
of V-f control method which brings about desirable
power flow [19]. The inverter control scheme in isolated
mode has been demonstrated in Fig. 2. The measured
voltage and current are compared with reference values
and then regulated by Proportional Integral (PI)
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Fig. 1 Single-shaft MTG system with BES in isolated mode.
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Fig. 2 Control of three-phase inverter in isolated mode.

controllers. The frequency is obtained through a Phase
Locked Loop (PLL) and also a LC filter is installed at
the load terminal to omit output harmonics.

The voltage and current equations to describe Fig. 2
are achieved by simple Kirchhoff's VVoltage and current
Laws (KVL & KCL). Obtained equations can be
expressed as:

a VA ia
d|.
b |=|Vs +Laf Ip 1)
c VC iC
i, +i, +i, =0 2

where v,, Vp and v are inverter output line-to-neutral
voltages, va, vg and vc are line-to-neutral load voltages,
L is filter inductance and i,, i» and ic are output currents
of inverter. According to Fig. 2, the control scheme is
based on direct-quadrature-zero (dq0) synchronously
rotating reference frame. The inverter control circuit
consists of an inner current loop and an outer voltage
loop that they have independent PI controllers [19]. At
first, the measured three-phase output voltages as well
as currents are transformed from stationary abc to
rotating dgqO frame. The voltage equation according to
(1) in dgO frame is as follows:

Vg Vy g iy -,
Vi =1V, +La Iy [+l 1y (3)
va VO I0
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where ig, iq and io are currents before the filter in dg0
frame, Vr4, Vig, Vio @nd Vg, Vg, Vo are voltages before and
after the LC filter in dq0 frame, respectively.

The reference currents in the inner control loop are
supplied by voltages:

i =Pl (v —v,) (4)
i =PIV —v,) (5)
i =PIy —v,) (6)

Finally, the output voltages from the PI controllers can
be expressed as (7)—(9):

Vg =PI —iy)+v, +oli, (7)
Vi =PI —iy)+v, —oli, (8)
Vf0:P| (ioref _io)+V0 (9)

The control signals are obtained through inverse
transformation from dq0 to abc frame. Appropriate
switching is generated through Pulse Width Modulation
(PWM) block by transformed voltages Vas, Vor and Vet
This sturdy control strategy produces sinusoidal
waveform with a low Total Harmonic Distortion (THD).

2.2 The BES System Modeling

Recently, the ES technologies have found a significant
role in power systems, since the number of various
applications which require a certain voltage level over a
short period of time has increased [20]. The MTG in
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isolated mode can utilize a large on-board battery bank
so as to supply connected loads when especially no
electric grid is available [21].

The main technologies which have been used for BES
are lead-acid, lithium-ion (Li-ion), nickel-metal hydride
(NiMH) and lithium polymer [20]. The rechargeable Li-
ion batteries are fast growing type and their advantages
include high energy efficiency, long cycle life, no
memory effects, low discharge rate, low footprint, high
voltage [22] and being appropriate for power ranges of
1kW to 1 MW. In this paper, lithium-iron-phosphate
(LiFePOs) rechargeable battery pack is used since this
type enjoys the highest specific power, safety and
lifespan along with moderate costs.

The BES control scheme is vital for proper support of
the MTG. In this paper, a new HCC strategy is proposed
to deal with the desired power flow. Fig. 3 shows the
BES system control scheme that consists of an outer
loop together with an inner loop. The former provides
active power based on the measured DC-link voltage,
while the latter is HCC to apply appropriate switching
for a DC-DC interface converter.

According to Fig. 3, v is the reference voltage of
the storage control system, K is the controller gain, iy
and vp represent the battery’s measured current and
voltage, respectively, Py shows the battery power [23]
and the interface is a simple two-switch DC-DC
converter. The Measured DC-link voltage is filtered by

DC-DC converter
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a Low-Pass Filter (LPF) with a constant frequency of
@pf..

vt _ 2

Vv
dc S . de (10)

The reference DC-link voltage, vqc™, is dependent on
two predefined limits (i.e. Vacmax and Vacmin). The current
resulting from DC-link for the storage is called ix.

. f Ipf
iy :K(Vdri _Vdg )

The reference signal of active power is obtained by
multiplying i by DC-link voltage.

(11)

Py =Vl =Kvg (Vf _VIII;f ) (12)

According to (12), the battery bank power is relied on
the DC-link voltage. When mentioned voltage places
between Ve max and Vgemin, the power signal, Py, is equal
to zero and hence power is not generated. When the
DC-link voltage is greater than vgemax, Po iS negative, so
the storage is charged through additional power.
Conversely, when the DC-link voltage is lower than
Vdemin, the battery discharges and Py signal is
positive [23]. The battery current reference signal for
switching is as follows:

_ —d—
M N s iy
Voltage ST Y Voltage
Ve | Meter I i AV | & Current
) | 2 | Meter
*—— —_—
L 7 - — — - A
if AT Hysteresis |
: ' o Band |
ref :
| i T max | I v,
I |
I I
I I
| I Pb
I I
Ipf i
PR |—e SO
n
Vv . — >
dc,min D \' de
Vdc max_ | —
' + ref
] < <} ( dc
Ve TR,
Vdc,max Z A

Fig. 3 The BES system control scheme.
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i =2 (13)

Vi

This reference current together with battery currents
and measured voltages enter the HCC system. In the
HCC system, currents are compared to provide
switching signal for the storage DC-DC converter.
Indeed, the HCC is a current control method in which
the measured current must track the reference within a
hysteresis band [24]. The advantages of the HCC
method include simplicity, excellent dynamic
performance, unconditioned-stability, independent of
load parameters, robustness and sensitivity to
fluctuations of system parameters [24]. The control
system of the BES interface converter should have fast
dynamic response to properly adjust the power flow in
the DC-bus. The BES reference current is achieved by
battery active power and also the BES measured current
determines the current limits (bands) for converter
switching.

Fig. 4 depicts current variations in the hysteresis band
to produce proper switching signals. Under normal
conditions, the power direction is adjusted in order to
flow from a higher to a lower voltage level, which is
related to reference. The BES voltage is compared with
DC-link voltage in p.u. scale and hence current igir,
which shows the direction of power flow, is produced
using a resistive voltage droop (i.e. R;). Equation (14) is
recommended for DC-DC interface converter
instantaneous power based current calculator:

pref s - ref _(Vdc,pu 7Vb,pu) . ref
™ =lar 1y —Riilb (14)

It is worth noting that i™" and i5 are the inputs of HCC
system two levels hysteresis comparator. The HCC
switching frequency should be limited within a proper
range since it is variable.

Mentioned issue is considered in designing of the
inductor Li. When is crosses lower hysteresis band,
switch S; is turned on. Similarly, when rising current
(is*) touches the upper band, switch S, is turned on.
Needless to say that h is fixed hysteresis band. By
resistance ignoring, following equations can be written
in switching intervals t; and t..

difJif (Vn _Vdc)

dat oL o)
)
According to Fig. 4, (17)—(19) are concluded:

%t _2n (17)
4021, gy (19
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1
ot =T, == (19)

where fs is the switching frequency.
By substituting of (15) and (16) into (17) and (18),
following equations are achieved:

v, —vg) dif
—C__'t :2h
( N it )t

= ref
_>(Vb Ve _dig

t,—2h =
i ' dt

N vy V) _&z dif:ef
L, t, dt

t

(20)

5 ref
_Vdc _ dlfi

L, dt

( )t, =—2h

i ref
Ve t,+2h = i
L, dt
_Vdc &_ dif:ef
L, t, dt

_)

t

(21)

Two latter equations are equal, so we can write:

Vo V) 20 _ Ve 20
L, t, L ot
2h 2h

Vb
- 2=
Lt ot

v, 1.1 T
2hL, t, t, tf,
Vb

2L,T

—>h=

tt, (22)

According to (19), following statement can be rewrite:

(tl +t2)2 = (Ts )2

—StZ+tl+2t, =T 2

T2 t2+t?
—>tt, == - (+—% 23
o == (23)
By substituting of (23) into (22):
ho Ve K_ t2+t2
2LT | 2 2
:Vst _ Vy (tlz +t22) (24)

AL, AT,

Since t; and t, are very short time, we can ignore
second term of (24). Finally, according to (24) and the
HCC concept, (25) is obtained:

Vp
4L f

1S

h:

(25)
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Moreover, maximum switching frequency is given by vy
= Vb,max-
\%

f _ b, max 26

s, max 4L| h ( )
where, fsmax iS the maximum switching frequency and
Vbmax IS converter maximum steady-state capacitive
terminal voltage. With respect to (25), the inductor (L;)
of DC-DC converter can be calculated in which nominal
values are substituted.

v
L, =ﬁ(1+5b)

s,n

(@7)

where, fsn is allowable converter switching frequency,
Vywetp IS reference voltage and op is battery nominal
droop.

3 Simulation Results

This section investigates the MTG load following
performance with and without the BES (Fig. 1). The
Simulation has been accomplished using
MTLAB/Simulink software, with respect to studied
system parameters in TABLE I. The outputs are plotted
in p.u., as it is simple and easy to understand.

P. Asgharian and R. Noroozian

In this study, a variable load is considered in both
states. At first, Load A is connected to MTG and then at
t = 3s, Load B is applied to the system. Similarly, at t =
4.5s, Load C is applied and the secondary and tertiary
additional loads are disconnected at t = 6s and t = 8s,
respectively. The measured DC-link voltage is sent to
the storage control for interface converter switching. At
t=0.5s, the battery isolated switch is ON and then
battery is connected to the system with full charge. The
desirable three-phase voltage amplitude and frequency
are 400 V and 50 Hz, respectively.

Fig. 5 shows three-phase voltages that have constant
amplitude. Inside figures are magnification of outsides.
When additional load is applied to the system, transient
voltage drop occurs, but the inverter voltage controller
regulates the voltage value to remain at 400 V (1 p.u.).
Fig. 5(b) displays better voltage profile due to presence
of the BES.

Three-phase currents are shown in Fig. 6 that inside
are magnified. When the load increases, currents grow
too and vice versa. The current values for Load A, Load
B and Load C are 3.7 p.u, 11.8 p.u. and 15 p.u.,
respectively. According to Fig. 6(b), the currents reach
proper value within shorter time, with the transients
being lower than in the system without BES.

i if ic
SR I S N i 4h
h | iref
t I fi
- ref
e :__XI_,;ie —h
| | |
| | |
[ | |
| | |
| | ¢
bt
——T———
Vii
Lt L
Sl SZ
t

bt ——t,—

Fig. 4 Current variation in the hysteresis band to generate switching signals

Table 1 Studied system parameters.

Parameter Value Parameter Value Parameter Value
MTG output power 30 kW LC filter capacitor 300 uyF  Base power 1 kw
MTG output frequency 1.6 kHz Fundamental frequency 50 Hz Base voltage: Vi-L 400 V
MTG output voltage: Vi 480V Inverter switching frequency 2 kHz LiFEPOq battery capacity 10 Ah
DC-link voltage 760 V Load A 5 kw LiFEPOq battery voltage 12V
DC-link capacitor 3200 uF  Load B 10 kw LIFEPO;4 battery lifecycle 2,000 cycle
LC filter inductance 3mH Load C 5 kW
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Fig. 5 Three-phase output voltages: a) without BES, and b) with BES.
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Fig. 6 Three-phase output currents: a) without BES, and b) with BES.
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Fig. 7 Active power.

Fig. 7 shows the active power variations. When load
grows, the power increases too and vice versa. Power
changes are matched with load demand which are 5 kW,
15 kW and 20 kW and hence the MTG load following
performance is desirable. The power changes quickly to
meet the load demands.

DC-link voltage variation is demonstrated in Fig. 8.
At first, the DC-link Voltage is equal to 758 V and
when additional loads are connected, it drops to 675.5 V
and 626 V. In other words, heavy loads require more
power which lead to a significant voltage drop. Fig. 8(b)
exhibits the detailed DC-link voltage in which the
storage system provides a stable voltage. When the DC-
link voltage starts to decrease, the BES control system
transfers an appropriate power flow to regulate the
voltage.

Fig. 9 shows fuel demand variations. When additional

loads connect to the MTG, more fuel requires to meet
the load demands and hence fuel valve will open.
Finally, the value of the fuel demand reaches 0.7 p.u.
Note that the MTG output signals are affected by the
fuel system fluctuation. According to Fig. 9(b), the load
changes have not effects on the fuel signal.

The output speed changes are opposite to the fuel
signal’s. Fig. 10 displays the generator output speed that
drops to 0.975 p.u. for the third load. Fig. 10(b) shows a
constant speed at which significant speed drop is
resolved.

Fig. 11 shows the MTG mechanical torque, which is
reached to 0.65 p.u. Similar to the output power, the
torque is changed in line with the loads. When the BES
is connected, the torque remains at 0.18 p.u. without any
variation.

The BES bank power is shown in Fig. 12. When the
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load rises, the power injected to the system grows too
and vice versa. The BES provides a constant voltage in
DC-link and supplies the load.

Fig. 13 shows the BES current. The current increases
with additional load and when no storage system is
required, it decreases to zero. The DC-link voltage has

600 1
Z400
>
200 1
0 L ‘
0 2 4 [¢] 8 10
t (sec)
(a)
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been compared with the voltage limits to provide
appropriate load following performance.

Voltage variation of the BES bank is shown in Fig.
14. When the load decreases, the voltage increases to its
initial value.

Fig. 8 DC-link voltage: a) without BES, and b) with BES.

Fig. 9 Fuel demand signal: a) without BES, and b) with BES.
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@

Fig. 10 Output speed: a) without BES, and b) with BES.
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Fig. 11 Output torque: a) without BES, and b) with BES.
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Fig. 12 The BES power.
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Fig. 13 The BES current.
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Fig. 14 The BES voltage.

Storage system has an effective role in production of a
constant voltage and a desirable MTG performance.
When additional loads are applied, the storage system
operates to supply demands within a short time.

4 Conclusion

Recently the MTG based DG has been expanded
thanks to potential merits and many advantages. One of
the most important applications of the MT is emergency
power or uninterruptable power source, in which
appropriate supply of loads is essential. When power
demand increases, significant voltage drop occurs at the
terminals and hence use of an ES system is suggested.
In this paper, dynamic modeling of the MTG along with
BES system connected to DC-link is presented to supply
sensitive loads. The ES system provides load demands
so load variations do not any effect on the output
voltage. In order to achieve the desirable power flow, a
new control strategy is used for BES system and a
sturdy control method is applied to three-phase inverter.
Simulation results indicate that this system is a
promising choice for remote power or emergency power
and can not only guarantee high reliability but also
continues operation for customers.

5 Appendix

PMSG Parameters

Rated power = 30 kW, Rated voltage = 550 V, Rated
frequency = 1600 Hz, Rs = 0.253 Q, Lq=L¢=0.6875 mH,
P=2,J=0.011kg.m? F=0, 1 =0.0534 Wh.
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