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Abstract — This study proposes parallel ac-ac
coaverters using Ststiomary Master Slave
Control with Sinmsoidal Pulse Width
Modulsation to achieve voltage regulation and
equal current sharing among parallel
generators such that it minimizes the total
produoction cost. Development of Pspice model
representing the parallel ac-ac converters is
presented and then simulated. In addition,
computer simuiations are also used to
perform robustness study on the parallel
converters.

L INTRODUCTION

In the operation of generators, it is a
common practice to comnect more than one
generator in parallel to fulfill load demand. This
action has several good reasons such as the
ability to supply more power to a load than one
generator can produce, to take a generator off-
line for repairs without interrupting the power
supplied to the load, and to provide redundancy
in the event of a failure in one of the generators
such that the others may contime to supply
power without interruption to the load.

Since the 1980’s, researchers have
extensively studied the possibility to adapt
microturbine-powered electric generators or
simply called turbogenerators, for other
applications besides its original use in aircrafl.
They have tried for example to install
turbogenerators in U.S. army tanks, to wutilize
turbogenerators for electric power and water-
heating cogeneration systems for the U.S. Gas
Research Institute, and to apply turbogenerator
technology to power up future hybrid electric
vehicles. The most recent development on
turbogenerator application, however, has been its
potential implementation and commercialization
as a small-scale effective and clean electric
power generation system for both industrial and

Along with the revolution of
turbogenerator technology for building a pint-
size power plant, there is a need to further

investigate how several units of turbogenerators can
be connected in parallel to achieve a given level of
output power. This is mnecessary since the
turbogenerator itself despite its miniature size can
only produce tens of kilowatts per unit at present
time. A typical unit, which is currently available in
the market for an instance, produces 30KW at
normal operating conditions, although a higher
output power is under development and is near its
finishing stage. Since the turbogenerator is a 2-pole
permanent magnet generator running at speeds of up
to 96,000 rpm, it produces a frequency output of up
to 1600Hz which is much higher than the standard
60Hz needed for most applications. Therefore,
parallel converters are also needed to comvert the
high frequency output to a frequency that is required
by the load More importantly, the parallel
converters should also be capable of performing
equal current sharing among the parallel
turbogenerators. This equal current sharing also
means equal share of power to supply the load since
identical turbogenerators being connected in parallel
have identical voltage. Furthermore, the equal
sharing performance is significant due to the fact
that it leads to an economically optimal solution for
production cost of electricity of the parallel system.

Parallel converters require an explicit equal
current sharing mechanism to ensure even
distribution of current and thermal stresses among

for parallel de-dc converters in which the power
converter modules share the same load. Different
approaches, with various complexities and current
sharing performances, have been proposed,
developed, and analyzed. The basic parallel control
scheme is the droop method [1], [2]. Voltage droop
is produced by using the output current to adjust the
reference voltages, which are used to program the
mupnimpedmncafachpowermnvutamodlue
in order to achieve load sharing. Poor load
regulation is found to be a major deficiency of the
droop method, and therefore it is not suitable for
applications where a tight regulation is required.
Another scheme known as active current sharing
ensures the desired current sharing by adjusting the
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reference voltages of the voltage feedback error
amplifiers of the individual modules so that the
deviations of the modules’ current from the
average current are eliminated. Variations of this
schemes include the so called “Democratic”
scheme, where modules share currents in

to their ratings [3], [4], and the

Master Slave Control scheme where a master

converter is used to achieve the output voltage
regulation through the voltage feedback loops
51, [6].

[ For ac-ac application, there exist several
current sharing control schemes that are being
used in applications today. Droop method [1] is
one example that is known to have a very simple
implementation especially when tight load
regulation is not required However, for the
application where tight regulation is expected,
such as that of turbogenerators, the droop
method is not well suited because it will regulate
the load voltage poorly in addition to its known
steady state current imbalances and its sensitivity
to voltage source drift. The Ring method [8] is
another known control scheme that has the
advantage in reducing the connection to the
Master Converter, but with a more complex
circuitry and thus relatively costly circuits as the
tradeoffs. Another method is the Priority
Rntahnanﬂaw[B]schcmcwbudJynomastu

howevertsmtlmc:malmthcmpology
involves increased amount of interconnections.
This is troe since one modunle will have n-1
inputs and 1 output, where n is the number of
modules in parallel. This, in turn, increases the
©cost.

Another option is to use the Stationary
Control [7], which to date has only been used for
including its use of a common control signal that
will simplify the control and circuitry. This, of
course, brings about its low cost implementation.
Another advantage is that this method is also
known to have a very good equal load sharing
performance independent of variations in power
densities of each module. The only thing that is
lacking from the method is its absence of
redqundancy. This is due to the fact that the
stationary control depends on the predetermined
master generator. However, for the purpose of
suited due to its simplicity, low cost, and very
good load voltage regulation.

In this study, the evaluation of the
proposed paralle]l ac-ac converters is presented

observed and parameters altered to investigate their
effect and to help debug estimation and control
routines. However, computer simulation suffers
from the disadvantage of being slow compared to
hardware approach.

This work will demonstrate the feasibility
of parallel ac-ac converters using Stationary Master
Slave Control and Sinusoidal PWM to achieve
voltage regulation and equal current sharing among
the parallel generators.

2. STATIONARY MASTER
SLAVE CONTROL

In the stationary Master Slave Control, one
converter is designated to be the master. The master
converter output current is the common reference
current and is tracked by the slave converter
currents. Figure 1 shows a simplified functional
block diagram of two parallel ac-ac converters using
stationary Master Slave Control. The figure depicts a
system of two parallel ac generators connected
together to share the same load. For this study, the
source voltage is a balanced three-phase system of
sinusoidal voltages and thus only one phase needs to
be considered. The top module is predetermined to
be the master, while the bottom one is assigned to be
the slave. The master's output current I, is taken to
be the current reference into the controller for the
slave. The output current I, of the slave module is
then delivered to the load and at the same time is
also fed back into the controller to form a closed
loop control.
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Figure 1. Block diagram of Stationary Master Slave
Control with 1 master and 1 slave
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The controller is a proportional and integral
(PI) controller whose inputs are the current reference
taken from the master module and the output current
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of the comesponding slave module. The output of
the PI controller is then inserted into a

whose task is to compare the ermror
voltage to a high frequency triangular waveform.
Since the error voltage is sinusoidal, we then
have what is known as the Simsoidal Pulse
Width Modulation scheme to control the turning
on and off of the switches.

3. PRODUCTION COST

In its functionality, the parallel
converters should be capable of performing
voltage regulation and equal load sharing or
equal current sharing among the identical
parallel generators. This equal current sharing
also means equal share of power to supply the
load since the gemerators being commected in
parallel have identical voltage, are of identical
type. Furthermore, the equal sharing
performance is important due to the fact that it
leads to an economically optimal solution for
production cost of electricity of the parallel
system. This is true since the generators are
identical and usc an identical fuel, henceforth the
production cost of electricity that varies
quadratically with the power generated as
described by [9]:

F(Py)=a,+b, Py +c, P} (1)

where F(Pg;) is the production cost of unit i, Pg;
is the power generated by unit i, a;, by, o all
greater than zero are the cost coefficients of unit
Land i=1,2,3,...,,N

Equation (1) can be simplified by
realizing that for identical units and using the
same fuel, the cost coefficients are equal for all
units, such that for all i:

0 = 8o; boi =bo; Coi = Co
to yield:

F(Py)=a,+b, P, +c, P2 (V)]
The objective function to be minimized is the
total production cost given by:
C= ):F(PG) Ea +b, Py +c, - P &)

=1
subject to Py =P, 4
=1

where Py, is the load demand.

To determine the amount of power to be
generated by each unit, so that C is minimized, we
form an angmented cost function which includes the
equality constraint, denoted by C:

c'= f:[a +b,-Py+c, P} +1[P,, -f:a,]] )

where A is known as the Lagrange multiplier.
Differentiating C with respect to Pg; and setting the
derivative to zero yields:

B b 42P, ~A0 ©)
@,

[}

from which the optimality condition can be obtained
as:

A=b,+2c Py _dE(F) ™
dPG’

which is known as the equal incremental cost
condition of optimality. Therefore, the power
generated by unit i, Pg, can be obtained from
equation (7): ok,

P =g o
Using equation (8) into equation (4) gives:
X A-b
27
or, N(;l—b‘)=
2,
equivalently,
(a-5,) P, ©)
2%, N

Substituting equation (8) into equation (9) yields:
P.wip (10)

which states that for every i the optimal solution is
to load the generators identically.

To show that this solution is the absolute
minimum, we can differentiate C" with respect to Pg;
with A a constant yielding:

2 ‘
9€ o250 an
oFg
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4. CONVERTER MODEL

will be implemented in the same way for the
parpose of modeling as illustrated in Figure 2.
m
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Figure 2. Proposed parallel ac-ac converter
using Stationary Master Slave Control

In the PI Controller block, the control
action is defined by:

U(S) = K,(l+—1—] =J—H l+r" (12)

E(s) Iis Is

where K, is the proportional gain, and T; is the
integral time. Both of these values are adjustable.
One form of circuit realization of the PI
controller using an opamp is shown in Figure 3.
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Figure 3. Electronic PI controller using opamp

With R, = Rz = R, the transfer function of
Figure 3 is:

Y _ 1+s7 (13)
Ve = R(Vn Vn{m]

where 7, = Rg (C+C), 7, = C;CiRs, and 73 =C,.
In the sine PWM block, the output of the PI
controller is compared to a triangular waveform
whose result controls the switches. For ease of
explanation, it will be assumed that the midpoint
of the DC rail voltage V; is available, and thus
each of the two switches will go either from 0 to
+V42 or from 0 to -Vy2. This type of PWM
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capacitance Gy for irfp250. At 1V, Cy is about
4000pF. However, Cy goes up to about 4500pF at
zero volt and under forward bias conditions (left-
hand side of the diagram), it exceeds 5000pF.
Because this parameter is of most importance during
switching a method must be determined to
characterize Cyy below 1V and in the forward bias
region for any transistor.
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Figure 4. Cy vs bias voltage for irfp250

Cyu will be first approximated with an
analytical expression in the reverse bias region only
(i.e. drain voltage higher than gate voltage). In the
forward bias region, C,y is modeled by a constant
capacitance whose value is simply equal to the
platean observed in Figure 4. Therefore the goal is
then to model C,; in the reverse bias region using a




single diode, so the reverse bias portion of Cy
will be matched to an expression of the form:

14

C',(V',)=-—-———C"" = %
1_.V£
[ V:]

where Vj is the gate-to-drain voltage (negative
in the reverse bias region), and Cy is the gate-to-
drain capacitance. Note that equation (14) is
exactly the way the junction capacitance of a
diode is modeled in Pspice. Therefore, once we
have found the parameters C;,, Vj, and M by
matching the Cy curve found in irfp250 data
sheet to the above function, we can then define a
diode in Pspice having parameters identical to
the ones found above and whose junction
capacitance under reverse bias conditions will be
very close to the Cy of the real MOSFET. The
values of the three parameters are calculated
from three arbitrary points in Figure 4 to be C, =
4500pF, V; = 2.18V, and M = 5. We can now
add these parameters into the intrinsic diode
model that will be used in conjunction with the
MOSFET model. This result is then translated
into Pspice which implies the introduction of
components external to the intrinsic model
whose electrical parameters correspond to the
mumerical parameters found in the first step. The
complete Pspicc model of the improved
MOSFET model is shown in Figure 5 where
diode DCGDN represents the negative biased
capacitance when the MOSFET is tumned off.
CGDP represents the positive biased capacitance
when the MOSFET is turned on.

In its operation, the switch connected in
parallel with DCGDN closes when the voltage at
pode Gl is higher than the voltage at Drain.

]
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Source inductance Lg was extracted from irfp250
data sheet for a typical device. Gate resistance, R,
was reported in [10] to have an average value of
0.75C2 for a typical gating circuit.

The MOSFET model of Figure 5, along
with the PI controller and sine PWM circuits are
then incorporated into one subcircuit as depicted in
Figure 6. Notice that the MOSFET model is
packaged into its own subcircuit. Also note that, in
order to reduce the large dv/dt stress on each switch,
a snubber capacitor is connected in parallel to the
switch.

Figure 5. Complete Pspice model of the irfp250

The voltage controlled voltage source
located between the switch and the comparator
serves as the gating circuit for the switch. The
MOSFET is turned on when the voltage across the
gate and source of the MOSFET, Vs is higher than
a certain threshold voltage value. Otherwise, the
MOSFET is turned off. This threshold voltage is
called the Gate Threshold Voltage Vgs(th). For
irfp250, a typical threshold value is 2.0V.

wn -

Figure 6. Subcircuit with modified MOSFET model
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5. COMPUTER SIMULATION

The parallel converters model with one
master unit and one slave unit is simulated with a
constant sinusoidal source as shown in Figure 7.
The parallel converter for the slave umit is
represented by one subcircuit whose content was
previously shown in Figure 6.

Figure 7. Parallel ac-ac converters with
1 master and 1 slave

The results of the computer simulation,
as shown in Figures 8 and 9, show that each umit
shares the load current equally as expected.
Moreover, the load voltage is also shown to be
nicely regulated at 120V.
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Figure 9. Load voltage waveform

Figure 10 shows the ripples observed by
zooming into the load current and voltage
waveform. These high frequency ripples are
associated with the 20kHz switching frequency
that was used in the simulation. The value peak
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to peak load current ripple was calculated to be
0.707%, while the peak to peak load voltage
ripple was found to be 0.712%.
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Figure 10. Load current and voltage ripples
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6. ROBUSTNESS STUDY

In this study, several different
disturbances are imposed to the parallel
converters system to investigate the robustness
of the parallel converters system, i¢. whether the
system remains stable under these disturbances.
These include step changes in load, an inherent
delay due to digital implementation, and a unit
added to or taken off from the system during
operation. Also, ac induction motor model is
used as load to the converters.

In a real implementation, a digital
interface may be used to process the reference
current before it is sent to the slave converters. In
doing so, unfortunately an inheremt delay
associated with a digital system is unavoidable.
Therefore it will be important to study the effect
of this digital delay on the stability of the system.

Visw

Figure 11. Current waveforms with real ac,
induction motor load, 2 units and 1ms delay
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A relatively large digital delay of 1 ms
is simulated in the parallel system incinding the
step up and down changes in the mechanical load
of the induction motor, whose results are shown
in Figure 11. Notice that that the equal current
sharing is still performed by the parallel
converters even with the presence of delay.
Mmmmnydmmgstepupmddmnm
the load is also maintained by the parallel
converters.

Another type of real contingency such
as the removal or the insertion of a unit will be
considered in the stady. During normal
operation, a unit may be taken out from the
parallel system for routine maintenance.
Similarly, a unit taken out of service for
maintenance may be reconnected to the system
after service completion. In these cases, not only
the units should quickly adjust their new equal
sharing of the load current but they should also
maintain system stability. Figure 12 depicts a
circuit configuration that will be implemented to
simulate the removal or the addition of one unit
from or to the parallel system respectively. As
shown in the Figure, initially there are 3 units (1
master and 2 slaves) in the parallel system and
therefore each umnit should have 1/3 of the load
current. At the time when a unit is disconnected
from the system, the remaining 2 units should
now share % of the load current. The result, as
shown in Figure 13, indicates that the equal
current sharing of load current before and after 1
unit is disconnected is retained and the stability
is maintained by the parallel converters
throughout the process. Moreover, Figure 14
shows that load voltage is also regulated.

r ~

Figure 12. Removal of one unit during operation
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Figure 13. Current waveforms when 1 unit is
removed during operation

JAVTATATLY

Figure 14. Load voltage waveform when 1 unit
is removed during operation

The reverse operation where one unit is
added into the system during its operation was
also studied. The circuit configuration is similar
to the one shown in Figure 12, except now the
switches are being closed to represent the
insertion of the one unit The result, depicted in
Figure 15 shows that the equal current sharing
maintained by the parallel converters prior to and
after the insertion, while Figure 16 indicates the
well regulated load voltage.
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Figure 15. Insertion of one unit during operation



Figure 16. Load voltage waveform when 1 unit
is inserted during operation

CONCLUSION

A proposed parallel ac-ac converter
using Stationary Master Slave Control and
simisoidal PWM has been presented in this
study. The main objective of the converter is to
obtain voltage regulation and equal current
sharing among the paralleled units such that total
cost of operation is minmimized. A converter
model using Pspice and implementation of an
improved MOSFET model was also presented
from which mumerous computer simmlations
were conducted [11]. The results of the computer
simulations show that the proposed parallel ac-ac
converters, despite its simple configuration,
provides voltage regulation and equal current
sharing control among parallel modules.
Furthermore, robustness study was also
discussed to show that the parallel converters
maintain system stability due to several different
disturbances applied to the system. These
simnlated results demonstrate the feasibility of
the proposed parallel ac-ac converters to achieve
the equal current sharing.
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