A Power Generation Center with Back-to-back Converter
Considering Post-fault Operation for MEA Application
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Abstract— This paper proposes a new power generation
centre (PGC) for the engine of more electric aircraft (MEA)
application. In this PGC, a starter/generator is connected to the
high-pressure (HP) spool to start the engine in the start process
and generate electric power in the other working modes, and a
generator is attached to the low-pressure (LP) spool. Their
outputs supply a common DC bus via active rectifiers. A back-
to-back (B2B) converter is deployed to connect the AC sides of
the two generators. There are several benefits by introducing
such a B2B converter into the system, and one of the major
attractive points is that the B2B converter provides an
additional power flow path to the generators under HP or LP
converter fault scenarios hence improving the post fault
operation ability. The characteristic of post fault operation
ability of the proposed PGC will be articulated in this paper.
Besides, modelling, analysis and controller design of the system
will be illustrated in detail. The effectiveness of proposed power
generation center and its controllers is verified in Simulations.

Keywords— Modelling, more electric aircraft, power
generation control, back to back converter, post fault operation,
power generation centre.

I. INTRODUCTION

The more electric aircraft (MEA) concept is one of the
major trends towards modern aerospace industry aiming for
gas emission reduction, decreased fuel consumption, low
maintenance cost and etc. [1]. Existing pneumatic, hydraulic
and mechanical actuators should be replaced by their electrical
counterparts on-board MEA. As a consequence, the on-board
installed electrical power increases significantly and this
results in high electrical power demand. However,
traditionally, only high pressure (HP) shaft is used for the
exploitation of electric power by linking a generator on it
through an accessory gearbox as the speed of HP shaft is
relatively high and constant. But it has been pointed out that
extracting power only from HP spool could have negative
influence on the performance of engine system by analysing
the compressor map [6]-[7]. If too much power is taken from
the HP shaft, the surge phenomenon of compressor will
happen. Although the risk of surge can be lowered by
bypassing excess air to the fan discharge duct, whereas this
action will lead to the waste of fuel and thrust.

An alternative way is to use the low pressure (LP) shaft as
an additional power source for the electric power generation,
i.e. adding another generator to the LP shaft. This gives a two-
generator-single-bus structure. Different types of generators
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have been used as LP shaft generators so far, like wound-field
synchronous machine (WFSM), induction machine (IM) and
etc. [8]-[9]. However, compared with them, the permanent
magnet generators (PMGs) are much more desirable in terms
of power density, volume and weight. Hence the structure that
two PMGs are respectively connected to the LP and HP shaft
are proposed in [2], [4] as shown in Fig.l. This power
generation centre is able to effectively extract power from
both shafts of the engine and the two generators supply power
to a common DC bus, which is more completive than AC bus
since no reactive power compensation equipment is needed.

However, the PGC shown in Fig.1 has some drawbacks
which undermine the feasibility in practical application. The
first issue is related to the flux weakening (FW) operation of
the generator coupled to the HP shaft. At full thrust settings,
the rotary speed of HP spool can reach 20000 rpm [3].
Therefore, FW control should be applied to HP generator to
decrease the flux density in the air gap, hence diminishing the
back EMF. Another issue is the fault tolerance ability. For the
existing PGC in Fig.1, if contingency occurs to rectifiers, the
system performance will be highly deteriorated and may lead
to instability. For example, if open-switch fault occurs to HP
rectifier, which is caused by thermal cycling extremely high
collector current and gate driver fault [10], the current will
distort, and can generate secondary problems such as other
parts reaching breakdown [11]. In that case, stopping the
operation of HP rectifier is an effective solution. However, HP
generator cannot be stopped and appropriate measures should
be taken to guarantee its normal operation.

To resolve the aforementioned two issues of the existing
PGC in Fig.1, a new PGC containing a back-to-back (B2B)
converter is proposed as shown in Fig.2. The B2B converter
is applied to connect the AC sides of two generators. The idea
was initially proposed by authors recently in [5]. But the
potential of this PGC allowing the post fault operation of
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Fig.1. PGC with two PMGs and single DC bus [2][4].
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Fig.2. Proposed PGC with a back-to-back converter.

the whole system was not studied in that paper. Hence in this
paper, the post fault operation ability of the proposed PGC is
the main point and will be thoroughly studied considering the
case that HP Converter shutdown.

This paper is organized as follows. Section Il will describe
the structure of the proposed PGC in detail and analyse the
requirement in the post fault operation condition. Section 111
illustrates the modelling and controller design of the whole
system, including voltage controller design, power sharing
method, inductor selection and etc. In Section 1V, the
performances of proposed PGC will be verified. Section V
makes a conclusion of the whole paper.

I1. DESCRIBTION OF THE PROPOSED POWER GENERATION

CENTRE

As can be seen in Fig.2, a B2B converter is deployed to
connect the three phases of the two generators. Since the LP
generator generally outputs more power than HP generator,
the B2B converter mainly serves to transfer power from the
LP side to HP side, therefore the AC/DC and the DC/AC
converters in the B2B converter are entitled as B2Brecifier and
B2B nverter, respectively. The rated voltage of the main DC bus
in the aerospace applications is 270V, as described in the
standard MIL-STD-704F. An interesting point of the proposed
PGC is that the intermediate voltage Vmiq in the B2B converter
can be set higher than 270V as it doesn’t need to supply on-
board loads directly. Hence a relatively high Vmig is beneficial
to reduce the power loss in the B2B converter path. Moreover,
two groups of inductors, denoted as Li and L, respectively, are
deployed to filter the high frequency PWM harmonics and
separate voltage sources, i.e., LP Converter and B2Bgeciifier,
HP Converter and B2Binerer. Compared with the existing
PGC in Fig.1, the proposed PGC is advantageous in the
following two aspects:

1) With a high DC voltage Vmid, the HP generator is able
to operate without FW as a high AC voltage can be generated
by the B2Bnverter, hence making it needless for diminishing the
air gap flux density in the HP generator. This will be beneficial
to reduce the power losses of HP generator, especially the
copper loss.

2) When the LP Converter or HP Converter shutdown due
to faults, like open circuit faults, unlike the existing PGC in
Fig.1 that the corresponding generators have to be cut off from
the system, in the proposed PGC the B2B converter can still
provide an additional power flow path for the LP or HP
generators, therefore the two generators can provide
continuous power to the on-board loads. Thus the post fault
operation ability is greatly improved.

The initial idea of this PGC has been presented in [5],
however, the point of post fault operation was not mentioned
in it. Hence the main point of this paper is about post fault

operation using the proposed PGC. Controller design and
validations in the fault scenario will be demonstrated below.

I1l. MODELLING AND CONTROLLERS DESIGN IN THE HP
CONVERTER SHUTDOWN SCENARIO

Here the scenario that HP Converter shutdown is
considered. The controller design methodology when LP
Converter shutdown is more or less the same as this case hence
won’t be illustrated due to limited space. The power flow
diagram when HP Converter shutdown with the proposed
PGC is shown in Fig.3. In Fig.3, there are three converters left
in the system, B2Binverter, B2BReciifier, and LP Converter. The
basic structures of their controllers are discussed below:

1) For the controller of B2Binverer, there should be two
cascaded loops, the outer loop is responsible for stabilizing the
voltage Vmiq inside the B2B converter, and inner current loop
is to control the HP generator dq axes currents.

2) For the controller of B2BRgecitier, there should be two
major function. The first one is to make sure the phase current
of LP generator and phase current of L, in phase. The second
is to manipulate the magnitude ratio of the phase currents of
LP generator and phase current of L; to transfer a given
amount of power via the B2B converter.

3) For the controller of LP Converter, an outer voltage loop
is required for controlling the main DC bus voltage. And the
inner loop is supposed to be implemented to control the dq
axes currents of LP generator.

The details of design process of each individual controllers
are given in the following.

A. Contl’0| S'[I’ategy Of BZBmverter

According to the standard MIL-STD-704F [12], the
nominal voltage of the main bus is 270V, and the acceptable
steady state range is between 250V and 280V. However, the
DC voltage inside the B2B converter which is denoted as Vmig
could be adjustable since it is not used to supply the loads
directly. A high Vmia will be beneficial to reduce the current
under the same power requirement, hence decreasing power
loss. Therefore, in this paper, Vmiq is set as 400V.
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Fig.3. The power flow diagram when HP Converter shutdown with the
proposed PGC.
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For a given generator speed, the voltage limit circle radius
is proportional to the DC voltage. The advantage of selecting
Vmid 85 400V is that HP generator could operate in a high speed
without flux weakening, i.e. ig could be controlled as 0. As
shown in Fig.4, the equilibrium operation point moves to E,
form E; with an increased DC voltage. Hence, the stator
current of the HP generator decreases and the resistive losses,
or copper loss within the HP generator and the HP Converter
conduction loss will also reduce.

Besides the contribution of power loss reduction, the HP
generator could generate relatively larger torque with the same
maximum current magnitude limitation since more iq can be
applied for the account of reduced ig. However, the negative
impact is that the switching device will withstand a higher
blocking voltage.

The control block diagram of the B2Bnverter is shown in
Fig.5. The controller structure is very straightforward, with
two cascaded loop where the outer one is voltage loop for Vig
control and the inner one is current loop for the dg axes current
regulation of HP generator. Since the FW operation of HP
generation is eliminated due to a high Vmig, the d axis current
reference is set as 0 for maximizing efficiency. The details
about PI gains selection can refer to the published papers of
our group [4]-[5], which are supposed to be adaptive
according to the operation points, e.g. DC voltage and load
power.

B. Control Strategy of LP Converter

As regards to the LP generator, its operating state should
keep unchanged even after the reconfiguration of system, i.e.,
its speed, torque, dq axes should remain unchanged.
Therefore, it is obvious that the terminal voltages, or line-to-
line voltages of LP generator should be kept as the same as
before. To fulfil this goal, the controller of LP Converter
should keep unchanged as well. The aim of outer voltage loop
is to keep the main DC bus as 270V, and the aim of inner
current loop is to generate appropriate dq axes currents for the
operation of LP generator. The diagram of LP Converter
controller should be the same as that of B2Bnverer Shown in
Fig.5. However, two points should be modified:

1) For the controller of LP Converter, the voltage reference
should be changed from Vpig to V.

2) For the controller of LP Converter, the dg axes current
feedbacks should not be the currents of LP generator but the
dq axes currents of the LP side main branches.
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Fig.5. Control block diagram of the B2B nerter.

C. Control Strategy of B2Bgeciiier

The inductor L; shown in Fig.2 is important due to its
following functions: 1) separate Uin and Urec, and make Uiny
adjustable in terms of specific conditions; 2) filter the high
frequency PWM harmonics in the currents. Therefore, the
selection criterion of inductor value should be discussed first.

Fig.6. Relationship of voltage vectors.

The relationship of voltage vectors is shown in Fig.6,
where Ugec represents voltage generated by B2Breciifier, VL IS
voltage across inductor, and Ucan is voltage generated by LP
Converter, respectively. According to cosine theorem, the
following equation can be obtained:
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where Urec_m, Ucon m, lrec_m, represent the maximum value of
Urec, Ucon and Igec, respectively.

The typical speed of LP generator is 4000 r/min, according
to the machine’s parameters shown in Table I, the electrical
speed we=1256rad/s, and the back EMF Eo—a)el//f—45 8V.
Since the stator inductance is rather small, the maximum value
of Ucon is similar to Eo, Ucon_m = Eo=45.8V. The maximum
current permitted of each rectifier in this paper is 400A, and
generally LP accounts for more power than HP generator,
therefore assume Igec m is 1/4 maximum, which is 100A.
Besides, assume Ugec_m is 100V and ¢=70, in this case, L can
be obtained: L< 1.2mH.

TABLE |. MAIN PARAMETERS OF LP SG

parameter rated value
Motor Power 45kW
Poles 3
Stator Resistance 0.0150hm
Stator Inductance 0.1mH
Flux Linkage of Magnet 0.0365Wb
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Fig.7. The equivalent circuit model of a phase.

It should be noted that the threshold value of L changes in
terms of operating conditions, like load, generator speed,
power sharing ratio and etc. Therefore, in the simulation of
this report, L is chosen as 0.8mH which is an appropriate
value.

Next is to controller model of B2Bgecifier. The equivalent
circuit model of a phase is demonstrated as Fig.7, where N is
reference point of LP Converter, N’ is the reference point of
BzBRectifier-

Since LP generator and B2Bgeciitier System share common
junctions, an effective way to fulfill power sharing between
LP generator and HP generator is to control i. and irec With
same phase displacement. The ratio of magnitude depends on
the particular power sharing ratio.

According to Fig.7, the following equations can be
obtained

P: Z ukReclkRec
k=a,b,c

. di
Uggee = Rljgee + L dkiec + Ucon + U k=a,b,c 4

z ikRec= z ukCon =0

k=ab,c k=a,b,c

Then the voltage difference between LP Converter
reference point N and B2Breciier reference point N’ is

1
uNN’:§ Z Uyec ()

k=a,h,c
Apply Clark transformation (3/2 transformation) to (4) and
adopt (5), the mathematical model in o/ coordinates can be
derived as follows

3 . .
P= _(uaReclaRec + uﬂReclﬁRec)

2
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Then apply rotating factor e%@=wf) to (6), the
mathematical model in dq coordinates is derived

3 . .
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2
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Then the dq axes current controller of B2Bgeciifier With
decoupling terms can be obtained, and demonstrated in Fig.8.
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Fig.8. dq axes current controller of B2Bgecisier With decoupling terms.
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Fig.9. Overall control diagram of B2Bgecifier-

Next question is how to acquire the dg axes current
reference in order to realize power sharing between HP and
LP generators. This problem is addressed based on controlling
iL and irec in phase. In this paper, the power sharing ratio
between LP and HP is 2:1. Then the following relation of
power can be obtained:

2

3 . .
E(udRecldRec + uqReclqRec) = 5 Ptutal (8)

where Pytal is the total power consumption. Piotal =Vaclo, Where
Ve is the main DC bus voltage which is kept as 270V, and I,
is the DC bus current which can be measured.

Assume the magnitude relation between i. and irec iS
irec=Mi, Where m is a ratio, then (8) can be rewritten as

3 . . 2
E m(udRecldL + uqRecqu ) = Evdc I o

| ©)

dc’o
9(udRecldL + uqRecqu)

Then the control diagram of B2Brecitier CaN be established
as shown in Fig.9.

=>m=

IVV. VALIDATIONS

In this section, simulations about the control performance
when the proposed PGC in normal and post fault operation
conditions are conducted by the co-simulation of Simulink
and PLECS. The parameters of LP and HP generators are
listed in Table I. There are three operation phases: between 0s
to 0.1s, the whole system operates in normal state, which
means HP Converter works normally, and the power sharing
ratio between LP and HP generator is 1:1. At 0.1s, the HP
Converter is cut off, then the B2B converter is applied to the
system for post fault operation. After 0.2s, the power sharing
ratio changes to 2:1.

The dq axes currents of HP generator are shown in
Fig.10(a). It can be seen that before 0.1s, iq is negative to
realize the flux weakening operation. While after 0.1s, iq is
kept to 0 as the DC side voltage rises from 270V to 400V,
which will benefit to reduce the copper losses. And as HP
generator outputs less power after 0.2s, the magnitude of iq
become smaller.

The dqg axes currents of LP generator are shown in
Fig.10(b). iq is controlled to 0 during the whole process as the
speed of LP generator is relatively slow. While after 0.2s, the
magnitude of iy becomes larger since it accounts for more
power. In addition, the behaviour of the main DC bus
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Fig.3. Performance of the proposed PGC. (a) dq currents of HP generator; (b) dq currents of LP generator; (c) main DC voltage; (d) Powers of LP generator,

HP generator and the total output power.

voltage is kept stable with the steady value to 270V as shown
in Fig.10(c).

The output powers of LP generator, HP generator and total
power are shown in Fig.10(d). The main DC bus keeps to
270V, and load is chosen as a 10Q resistive load, then the total
power is 7.3kW. It can be seen from Fig.10(d) that before 0.2s,
in the steady state LP and HP supply the load equally no
matter in normal or fault condition. While after the power ratio
changes to 2:1, LP power becomes twice of that of HP.

V. CONCLUSION

In this paper, a new power generation center (PGC) for the
MEA application is proposed. Two PMGs are attached to HP
and LP spools feeding a 270V main DC bus. A back-to-back
converter is used to transfer power between LP side and HP
side. Modelling, controller design for each individual
converter, and the criterion for inductor selection are given.
Simulation results confirm the post fault operation ability of
the proposed PGC under HP Converter shutdown. The main
contributions that have been validated can be highlighted
below:

1) The proposed PGC has the post-fault operation ability
when any of HP or LP converters shutdown under fault
scenarios since the back-to-back converter provides an
additional power flow path for the generators.

2) The HP generator is allowed to operate at a high speed
without flux weakening, reducing the magnitude of stator
current. This will help to reduce the overall copper losses.
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