
    

Abstract--New grid codes requires distributed energy resources to 
ride through temporary low voltage event and at the same time 
injecting reactive current into the grid. In microturbine 
generation system (MTGS) connected to the grid through power 
electronic converter, during low voltage ride through, its DC-link 
voltage increases and MTGS converter is overloaded. The paper 
discussed and highlights the problems and proposed solutions to 
mitigate these problems.  The effectiveness of the solution is 
demonstrated using digital simulation. Result shows that MTGS 
is capable of riding through low voltage events while adhere to 
new grid code requirements without operating beyond its 
electrical components permissible limit.  

Index Terms--Microturbine generation system, Distributed energy 
resources, Low voltage ride through, Grid codes. 

I. NOMENCLATURE 

ui,       : Complex current and voltage 
rxl ,,   : Inductance, reactance, resistance 

ψ        : Complex flux-linkages 

ω         : Angular speed 
Tt,      : Torque, time constant 

•          : Time derivative  
Subscripts 

qd ,      : Direct, quadrature axis component 
h,σ      : Leakage and mutual  

fD,     : Damping and field winding 

RS ,      : Stator and rotor 

II. INTRODUCTION 
ENEFITS offered by distribution generation (DG) concept 
supporting by conducive policies and regulations has 

increased the proliferation of distributed energy resources 
(DER) into low voltage (LV) electrical power system [1]. A 
few DER technologies such as microturbine generation system 
(MTGS), photovoltaic (PV), and fuel cell (FC) interfaces with 
the electrical grid through power electronic converters (PEC). 
There is also a trend now even to decouple internal 
combustion engine between the electrical grid using power 

electronic converter for economic reasons [2].  
Among converter based DER technologies, MTGS is 

gaining popularity due to proven economic reasons and 
environmental friendliness. Its overall efficiency could reach 
up to 85 % when operating this unit as a combine heat and 
power plant (CHP). In addition it has many advantages 
compared to other distributed generation technologies because 
of its low installation cost, low infrastructure requirement and 
low maintenance cost. This unit could be employed for 
providing base load power, utility peak shaving and customer 
peak shaving to name a few [3]. 

Due to its benefits and advantages, a numbers of MTGS 
units has been installed and operated throughout the world and 
the figure is steadily increasing [4]. This DER technology is 
expected to be seen in a substantial number operating inside 
low voltage (LV) level of electrical distribution network in the 
future.  

A numbers of MTGS already has been installed in low 
voltage network for nearly a decade. This unit has been 
program to operate according to current utility requirements. 
The questions rise whether these units are able to meet new 
grid codes requirements and if required what necessary 
modification need to be made. 

In [4], [5], [6] and [7] a single shaft MTGS dynamic model 
and its performance as a DER was described and presented. 
All these studies however are concentrating on load following 
capability.  MTGS dynamic model and corresponding PEC 
controller presented in these studies however is not enough  
for low voltage ride through (LVRT).    

During LVRT, the converter will be under stressed and 
DC-link voltage will increase. Controlling the unit to enable 
this fault ride through is more complicated thus requires some 
modification in the power converter controller. This paper 
identifies the problems and proposed counter measures to 
enable MTGS adhere to new grid requirements without 
damaging its hardware components.   

III. GRID CODES AND INTERCONNECTION STANDARD 
DER application changes the operational method of 

distribution system from passive to active. This reason has 
made many utilities placing stringent requirements for the 
DER connected to their distribution network. These 
requirements are different between one utility to another but 
some effort has been done to introduce a common standard 
such as IEEE Standard 1547 in the U.S [8]. This standard 
requires DER to stop energizing the power system when 
voltage level at PCC goes bellow 88% of nominal value. This 
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standard has been revised but still in drafting process and the 
new version is expected to be published soon.  

During a momentarily grid faults, it is however been 
realised that it is a great loss to the power system to disconnect 
every DER if there are a large number of these generators 
operating in the system. Losses of this generators means a loss 
of active power and the system will face substantial  active 
power shortage during this critical period. Furthermore if these 
DER remains in the system they could be used during 
disturbance to help stabilising the power system and providing 
voltage support.  

Some of the utilities in the U.S. are however already 
introduced new grid codes which requires DER connected to 
LV to ride trough the grid faults less than specified time even 
if the voltage at PCC is reaching zero [9]. This new 
requirement is derived based on [8] and [10] with some 
modifications. Typical requirements for this fault ride through 
are depicted in fig. 1.  

New grid codes in Germany already imposing new LVRT 
requirements for converter based generators connected to high 
voltage (HV) [11] and medium voltage (MV) [12] grid. Even 
though these two standards are for HV and MV, with some 
assumptions, the requirements could be applied for LV as 

well. The LVRT requirements  imposed during grid faults 
from these two standards are quite similar and it is expected 
that a standard that will apply for LV will also having similar 
requirement in the future. Assuming this is the case, LVRT 
requirements from [12] are used in the study to simulate the 
performance of MTGS connected to LV bus during grid faults. 
These new requirement is depicted in fig. 2.  

It is clear that, DER must ride through the faults that results 
in voltage drop at the point of connection which occur less 
than 150 ms. Further explanation of this requirement can be 
found in [11] and [12]. In this study however the main focus is 
given to the voltage abnormality within first 150 ms. 

In addition to the LVRT requirements DER are also 
required to provide reactive current during fault to support 
grid voltage [11]. This voltage support requirement is 
considered in this study based on the requirement specified in 
[11] and is depicted in fig. 3. 100 % of  capacitive reactive 
current must already be provided when the voltage drop to 50 
% of  its effective value. 

IV.  MICROTURBINE GENERATION SYSTEM TECHNOLOGY 
MTGS is a small gas combustion engine producing power 

between 25 kW to 500 kW and operating at very high rotating 

Fig.  4.  MTGS hardware arrangement  
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             Fig.  3.  Reactive current requirements [11] 

Fig.  2.  Fault ride through requirement. [12]
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           Fig.  1.  CA21 fault ride through requirements [9] 
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speed which is between 50,000 to 120,000 rpm [13]. First type 
of MTGS has generator and turbine mounted on the same shaft 
thus generate power at a very high frequency. Therefore, 
interfacing with the grid is only possible through frequency 
converter. Second type of MTGS on the otherhand has 
generator and turbine mounted on different shaft. High 
rotational speed in the later case is reduced to synchronous 
speed through a gear box.   

A single shaft design is more preferable compared to split 
shaft type due to less moving parts and thus requires less 
maintenance and the unit is also smaller. In a single shaft 
microturbine design, the main components are compressor, 
recuperator, combustion chamber and turbine. The compressor 
compresses ambient air and pushes it into the combustion 
chamber where it is mixed with the fuel and burned in 
continuous combustion process. The hot pressurized gas is 
then converted into mechanical energy through the turbines 
and in turn rotates the shaft where compressor and generator 
are mounted.  

Most of commercially available MTGS are of single shaft 
design and use DC-link power converter topology [13].  
Typical hardware arrangement of a single shaft design is 
depicted in fig. 4.  Converting AC to DC is performed by 
either active or passive rectifier. DC to AC conversion is 
performed using voltage source converter (VSC).  

The choice of using passive or active rectifier is depends on 
the expected task.  For example, if MTGS will be used for 
shaving peak and only go online for a certain period in the 
day, regular start up is needed. In this case, IGBTs based 
active rectifier is employed which enabled bidirectional flow 
of power. During startup, the power is extracted from the grid 
to bring PMSM up to a certain speed before it can be operated 
as a generator. This eliminates the need for additional 
equipment for start up.     

If MTGS is used to supply part of based load and is 
operated continuously, start up process could be only during 
initial commissioning and after major overhaul which is 
happen only once in a few years. In this case, diode rectifier 
for AC-DC conversion is employed.  

Eventhough configuration in fig. 4 (a) offers more 
flexibility, most of commercial MTGS are constructed using 
configuration in fig. 4 (b) to lower its production cost and to 
reduce complexity [2].  

VSC is normally employed self commutated devices 
controlled by pulse modulated circuit. Its circuit consists of six  
IGBTs and six anti parallel diodes. IGBTs are preferred 
because they allow more higher switching frequencies 
compared to others self commutated devices. For MTGS 
converter, switching frequency of up to 18 kHz is used which 
varies depending on its manufacturer [13]. 

Fundamental frequency line to line AC voltage and DC 
voltage of converter is related according to: 
 

( )1
22

3
dcCON umu =    

 
A control variable here is its pulse-width modulation index 

m. This index is usually kept between 0 <= m < 1 because 
above this value, converter starts saturating and more low 
order harmonics begin to increase.   

V. MICROTURBINE GENERATION SYSTEM MODELING   

A. Microturbine 
Microturbine system used in this study was based on gas 

turbine model presented in [14]. The model was successfully 
adopted for microturbine modeling by several authors [4], [5], 
[6] and [15]. As depicted in fig. 5, the model comprises of fuel 
control, turbine dynamic and speed governor. The main 
symbols in the figure are as follows: 
 
K                       : Gain of the speed governor 
tm                      :  Mechanical torque  
wF                     : Fuel input signal  
wMIN                  : Fuel demand at no load   
ω, ωref               : Angular speed,  angular speed reference 
TX                      : Lead-time constant of speed governor 
TY,TVP,TFS,TCD   : Lag-time constant of the speed governor,  
                            the valve positioner, the fuel system, and 
                            the compressor discharge respectively.  
 

Speed controller works based on speed errors between 
reference speed and microturbine actual speed. Speed 
controller is modeled using lead lag transfer function. The 
output of the speed controller represent fuel signal for the 
turbine. The value of fuel signal is scaled by the gain value 
and then is offset by minimum fuel value at no load operation. 
A time delay associated with the fuel transportation through 
the turbines and combustion reaction are considered in the 
model by first order delay of valve positioner, fuel system and 
compressor discharge.  

A mechanical torque of a single shaft microturbine is linear 
and is a function of fuel flow and turbine angular speed and is 
given by the following equation [14] 

 
 ( )2)1(5.0)(3.1 ω−+−= MINFm wwt    
                         
The input to this dynamic equivalent is generator 
instantaneous speed, ω and the output is mechanical torque tm 
to be fed to the generator.   

Fig.  5.  Microturbine dynamic equivalent 
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B. PMSM  
Microturbines drive usually  permanent magnet 

synchronous machine (PMSM). PMSM model can be derived 
from full order model of synchronous machine (SM) by 
making field current constant. Assuming the winding is 
sinusoidal-distributed and by neglecting saturation, eddy 
currents and hysteresis losses, mathematical equations of SM 
for power system studies can be derived [16].  

In dq rotor coordinate system, equivalent circuits of PMSM 
are depicted in fig. 6 and fig. 7 respectively. Referring to fig. 6 
and fig. 7, stator voltage equations are: 
 

)3(qqdSd iru ψωψ +−=
)4(ddqSq iru ψωψ ++=  

 

The rotor voltage equations are: 
 

)5(0 DdDdDd ir ψ+=
)6(0 DqDqDqir ψ+=  

 

Flux linkage is required to complete the PMSM model. Stator 
flux linkages are: 
 

)7()( 0 DdhdfdhddShdd ililill +++= σψ
)8()( DqhqqShqq ilill ++= σψ  

 

Rotor flux linkages are: 
 

)9()(0 DdDdhdfdhddhdDd illilil σψ +++=
)10()( DqDqhqqhqDq illil σψ ++=  

 

Electrical torque is given by  
 

)11(dqqde iit ψψ −=  
 

Equation of motion are given by 
 

)12()(1
me

m
R tt

T
+=ω

)13(0ωωδ −= RR    

 

Tm is mechanical starting time constant which is defined as a 
time required to accelerate the rotor from standstill to its rated 
speed. It is equivalent to per-unit inertia constant, H times two. 
In steady state no load operation the PMSM terminal voltage 
corresponds with 
 

)15(
)14(0

00

0

fdhdq

d

ilu
u

ω=
=

 

C. Power Electronic Converter 
Power converter topology depicted in fig. 4 (b) is employed 

in the model. VSC employing self commutated devices 
controlled by pulse modulated circuit with switching 
frequency of 15 kHz is used. Control variable m  is kept 
bellow 1.1. For both diode rectifier and VSC, standard 
universal bridge block available in SimPowerSystem library 
[17] are used.  

D. Power Electronic Controller 
 Most of major manufactures of MTGS claim that their 

units has digital control schemes controller and can be 
reprogram according to the grid requirement or customer need.  
In grid connected mode, MTGS is operated as a current 
source. The component to be controlled is its injected current 
to the grid. Converter controller for this mode is derived from 
the relationship between converter and grid voltage behind its 
inductor filter (refer fig. 8). 

 Defining currents flow into the converter and referring to 
synchronous reference frame, d and q component of grid 
voltages are 

Fig.  8. Voltage source converter connected to the grid 
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Fig.  7. q-axis PMSM model 
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)16(0 CONdCONq
CONd

Gd uil
dt

di
lu +⋅−= ω

 

)17(0 CONqCONd
CONq

Gq uil
dt

di
lu +⋅+= ω

 
For getting voltages of (16) and (17), controller must provide a 
reference voltage signal to converter. These voltage signals are  
 

)18(' 0_ GdCONqCONdrefCONd uiluu +⋅−−= ω
 

)19(' 0_ GqCONdCONqrefCONq uiluu +⋅−−= ω
 

Where 

( ) )20(11' _ CONdrefCONd
I

pCONd ii
sT

Ku −⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

( ) )21(11' _ CONqrefCONq
I

pCONq ii
sT

Ku −⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

 
are defined as current controller output. The current control 
loops derived are depicted in fig. 9. In a reference frame with 
orientation on the terminal voltage (d-axis always corresponds 
with the direction of terminal voltage)  active power can be 
controlled by d-component of current and reactive part by its 
q-component. 

During grid fault, MTGS terminal voltage drop bellow its 
rated value and active power injected into the grid is also 
dropping. PMSM is however not greatly affected and continue 
to deliver active power close to its setpoint value. In this 
period active power delivered by the generator through 
rectifier is higher than active power deliver by VSC into the 
grid. This unbalance results in DC overvoltage.  

DC voltage has to be maintained close to nominal value 
during this fault ride through. To reduce DC voltage, the 
power inside DC circuit must be transfer as fast as possible to 
the electrical grid. Active current is therefore must always be 
guaranteed to be controlled to keep this DC voltage close to its 
nominal rated value. Active current control can be achieved by 
generating its reference value by DC voltage controller. For 
improving a dynamic of the converter during LVRT, 

generated power from PMSM is feeding forward to the output 
of DC voltage controller.  

As required by the new grid code requirement, negative 
reactive current need to be injected into the grid as well during 
this critical time according to the characteristic shown in fig. 
3. Additional injected current into the grid means overloading 
the converter. The maximum current to be injected during 
LVRT must not exceed the permissible limit and has to be 
limited according to 
 

)22(max
22

CONCONqCONdCON iiii ≤+=
 

Magnitude of current permissible for MTGS converter is 
tabulated in table I [13]. Both active and reactive reference 
currents generation scheme is depicted graphically in fig. 10. 

Even with the described converter controller, during LVRT, 
DC-link voltage could not be limited bellow 1.1 p.u. without 
large capacitance in its circuit. Large capacitance however 
means larger space needed to place the capacitor and this 
requires bigger  space for MTGS unit’s dimension. The 
solution to this problem is to add DC chopper inside DC-link. 
This chopper will dissipated the access power during this 
critical period through its resistor. MTGS with this additional 
protection device is depicted in fig. 11. 

 
 

Fig.  9. Grid connected controller 
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Fig.  10.  Reference currents generation scheme 
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VI. SIMULATION 
All modeling and simulations are carried out in 

SimPowerSystem under MATLAB/Simulink environment 
[17]. It will be shown that without the present of DC chopper 
inside dc link circuit, LVRT causes DC voltage above its 
permissible value. 60 kW MTGS is modeled based on 
hardware arrangement shown in fig.4 (b). MTGS is connected 
to the 0.4 kV low voltage bus as shown in fig. 12 through an 
inductor filter. There is a local load connected to the same bus. 
Maximum active power delivered by MTGS when operating at 
rated value is 30 % of the total demand of the local load. 
During steady state operation, all active power from MTGS is 
consumed by the local load. There are two case scenarios 
simulated.  

A. LVRT without chopper 
MTGS is operating at its rated value in grid connected 

mode when there is a three phase balance fault inside HV 
network for 150 ms. This fault results about 50 % in 
magnitude of momentary voltage dip at the PCC node. As 
required by the new grid code, MTGS must ride through this 
magnitude of fault and at the same time supporting the grid 
with the required negative reactive current. Eventhough for 
this short duration overload, 200 % is permissible (refer table 
I), for providing safety margin, 1.5 p.u.  is set as maximum 
converter current.  

Fig. 13 depicted the respond of MTGS following 
previously mention voltage dip at PCC for 150 ms. Following 
the fault at t = 0.5 s, active power delivered by VSC reduces 
sharply due to drop in system voltage. Active power from 
PMSM through diode rectifier is however remain closed to set 
point value. This imbalance caused dc overvoltage and during 
this time converter controller try to increase active power 
injected to the grid by increasing active current. The priority 
however during this event is to provide negative reactive 
current which can be seen about 1 p.u. injected into the grid. 
Active current also injected into the grid during this critical 
time but subjected to equation (22). The total current as can be 
seen is limited to 1.5 p.u. 

Even though active current is about 1 p.u., active power 
injected is only about 0.5 p.u. due to low voltage magnitude. 
Reactive power however increases up to 0.5 p.u. during this 
low voltage event. 

When fault is cleared at t = 0.65 s, grid voltage return to 
nominal value but DC voltage still above its nominal value 
because there is still imbalance of power transfer inside its 

circuit. During this time priority is to provide active current 
until the balance between power transfer in power converter is 
reached which indicated by DC voltage return to its nominal 
value. Reactive current immediately reduces to zero after 
faults is cleared.  

During the disturbance MTGS is under stress because it has 
to be operating beyond its nominal operating point. Total 
current delivered during and immediately after fault is above 1 
p.u. of rated value continuously for about 200 ms. 150 % 
overloaded is however still within the converter permissible 

Fig.  12.  Test grid 
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limit as 1 second is permissible for this magnitude as listed in 
table I. DC voltage however rises above nearly 1.2 p.u. and 
this is not acceptable. In the next simulation case, chopper will 
be embedded in the DC circuit to limit its voltage to 1.1 p.u.  

B. LVRT with chopper 
In second case, the same scenario as case one is simulated 

but MTGS is equipped with DC chopper inside its DC-link 
circuit. The result of simulation is depicted in fig. 14. Current 
injected and power supplied into the grid are quite similar as 
depicted in fig. 14 but overload time experience by the 
converter is shorter. DC voltage is also successfully limited 
below 1.1 p.u.  

In both cases it can be seen there are current transients in 
the converter current with the peak of about 2.5 p.u for about 
10 ms  at the beginning of low voltage event. For this 
magnitude with the duration less than 40 ms, referring to table 
I, is still within the capability of MTGS converter.  

The simulation results been discussed so far concentrating 
on electrical component of MTGS. It is also of interest to 
know the stress experience by the microturbine shaft. The 
rotational speeds of the shaft during simulated time are shown 
in fig. 15. During steady state, generator is operating at 1.06 
p.u. of rated speed. During the low voltage event due to 
imbalance in electromagnetic torque and mechanical torque, 
generator rotor accelerates. Without chopper embedded inside 
DC-link circuit, maximum speed reaching nearly 1.2 p.u. of 
rated speed.  Maximum speed with the chopper however close 
to 1.5 p.u. It is demonstrated that addition of protection device 
inside DC-link not only reduces the stress subjected to MTGS 
electrical components but also on its generator shaft.  

VII.  CONCLUSION 
This paper describes an investigation study of capability of 

MTGS operating under new grid codes and respective 
simulation results have been presented. During LVRT, MTGS 
has to operate beyond its rated value for a short moment and 
this cause stress on its hardware components. These overstress 
can be limited within MTGS permissible overload operating 
limit with the use of controller presented coordinated with DC 
chopper inside its DC circuit. MTGS is also had been shown 
capable of supporting the grid with  capacitive reactive current 
as required by the new grid code with the suggested controller. 
The question whether MTGS which already been installed in 
the power system capable of meeting a new grid code depends 
on its design and embraced technology. Assuming its PEC 
controller is programmable and DC protection devices is 
already equipped or easily added if absent, LVRT with the 
magnitude simulated and necessity to inject negative reactive 
current during this critical period can be managed by MTGS. 
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