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ABSTRACT

In more electric aircraft (MEA), the electrical power system (EPS) consists of AC
and DC power distribution systems to deliver power to various aircraft loads. In main
power generation, variable frequency generators (VFGs) generate VF AC supply (380-
800Hz 115/230V) to feed frequency insensitive loads. The VF AC is also converted into
DC (+/-270V or 540V) by using transformers and power electronics converters (PECs) to
feed DC loads. The DC is further converted into 115V 400Hz AC, and 28V DC using PECs
to feed legacy loads. In MEA, the usage of PECs has increased significantly over the last
few decades. These PECs have DC-link and use DC-link capacitors that are space-
consuming, and heavy. In order to reduce the fuel consumption of aircraft, weight-saving
and volume reduction are the critical challenges faced by engineers. Hence, reducing the
DC-link capacitance value in the PECs is very crucial in MEA. In this dissertation, novel
control algorithms and improvements are proposed for different configurations of VF
brushless synchronous generator (BSG) based DC and AC power systems to minimize the

DC-link capacitance in the PECs.

First, a BSG based 270V DC system using a diode rectifier is investigated in which
the DC-link voltage regulation is obtained through the excitation control of the exciter SG
using a two-quadrant DC chopper. A steady-state feedforward duty ratio and output power-
based feedforward exciter field current reference are proposed to improve the transient
response of the DC system to meet the military standard (MIL-STD-704F) transient voltage
specifications with minimized DC-link capacitance. Next, BSG based diode rectifier
inverter (DRI) regulated 115V, 400Hz AC variable speed constant frequency system

(VSCF) is investigated. In the VSCF system, the control improvement from the BSG based



DC system is used along with a novel adaptive inverter voltage reference (AIVR) algorithm
in the four-leg inverter side and to reduce the effects of inverter side fast dynamics. The
combined control improvements help to meet the stringent MIL-STD-704F transient
voltage specifications at the inverter output with minimum DC-link capacitance required

in the VSCF system.

Further, the BSG based DC system is investigated with an active rectifier in place
of'a diode rectifier. An improved DC-link voltage regulation based on field oriented control
(FOC) of the BSG along with a feedforward excitation control for fast transient operation
is proposed to further improve the transient response of the DC-link voltage and reduce the
DC-link capacitance when compared to the diode rectifier based DC system. A steady-
state rotor flux optimization algorithm based on BSG steady-state equations is proposed to
maintain unity power factor (UPF) operation at the BSG terminals during steady-state
operating conditions. Finally, the Electro-magnetic interference (EMI) filter design for the
BSG based DC and AC systems are studied. The EMI filters are designed for different
PECs such as two-quadrant DC chopper, diode rectifier, active rectifier, and four-leg
inverter in the BSG based DC and AC systems. The effects of EMI filters in the control of
BSG based DC and AC systems are investigated. All the proposed control algorithms are
validated through extensive modeling and simulations in PLECS and the effectiveness of
the control algorithms are verified through controller hardware in loop (C-HIL) testing

results.
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CHAPTER 1

INTRODUCTION

The electrical power system (EPS) in the aerospace industry has gone through
major evolution over the past several decades, as shown in Fig. 1.1. In 1950s and 1960s,
the twin 28V DC and 115V 400Hz constant frequency (CF) AC were used as standard
power supply in the aircraft. In 1990s, the VF AC 115V, 360Hz-720Hz system was
introduced and subsequently used in more electric aircraft (MEA) Airbus A380. In the
early 2000s, the VF 230V, 320Hz-800Hz AC is used along with DC +/- 270V (540V) in
MEA Boeing 787 aircraft [1]-[4]. The trend is moving towards high voltage DC (HVDC)

systems (Starc-abl-NASA) to increase the efficiency of the EPS in the aircraft [5].
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Fig. 1.1: Evolution of aircraft EPS over the past several decades [1].
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Fig. 1.2: Integrated Drive Generator (IDG) based 115V 400Hz AC system.
Though different DC and AC voltage systems are used in the aircraft EPS in the past several
decades, the majority of the electrical equipment in the modern MEA such as A380 and
B787 are still largely rated for the legacy 115V, 400Hz AC and the 28V DC and relatively

smaller portions of the electrical loads are rated for +/- 270V DC and 230/115V VF AC

[6].

1.1 Review of electrical power generation in aircraft EPS

Traditionally, the 115V, 400Hz supply in the aircraft is generated by using three
phase AC generator. In order to generate CF AC supply, the AC generators are driven by
the engine turbine shaft through a hydro mechanical gear system, also known as constant
speed drives (CSD). These CSDs have mechanical couplings and gears arrangement that
convert the variable speed operation of the engine turbine shaft to a constant speed
operation to generate a CF AC voltage [1], [3], [7]. These CSDs have moving mechanical
parts that make the system bulky and have high losses and are prone to mechanical failures
that make the aircraft EPS less reliable and less efficient. In order to reduce the space
consumption of the CSD and to increase the power density of the power generating system,
the CSD and the AC generator are later integrated together as a single unit, called Integrated

Drive Generator (IDG) [8]. Fig 1.2 shows the IDG in the aircraft EPS.
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Fig. 1.3: Variable Frequency AC power generation system in MEA.

Though IDG replaces the CSD in the aircraft to save space consumption, it still
holds all the demerits from the CSD because the IDG still contains the CSD which includes
the less reliable mechanical couplings and gears that make the system less reliable and
needs extra maintenance. These IDGs were primarily used for both main and backup power
generation in the aircraft. However, due to the increased demand for electrical power in the
aircraft and the trend towards MEA to reduce fuel consumption, and to increase efficiency
and power density of the electrical system, most of the IDGs used in main power generation
were replaced by the Variable frequency Generators (VFG) in MEA. These VFGs are
smaller in size, weight and more efficient than the IDGs due to their VF operation which

waives the requirement of additional mechanical gears and couplings needed in the IDGs.

Fig. 1.3 shows the VF 300-800Hz, 115/230V AC power generation system in MEA
using VFG. In MEA, the non-propulsive loads such as mechanical, hydraulic, and
pneumatic are replaced by the electrical loads and these high power electrical loads are
frequency insensitive, so are directly fed by the VF AC main supply from the VFGs [6],
[9]. Fig. 1.4 shows EPS architecture of the MEA Boeing 787. It can be seen from Fig. 1.3
that the VF 230V AC supply from VFG is used as the primary power distribution. It also

feeds the frequency insensitive large loads directly from the VF 230V AC supply. It can
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Fig. 1.4: EPS architecture of Boeing 787 [6].

also be noted from Fig 1.4 that the other frequency sensitive AC loads and DC loads are
powered from the main 230V VF AC through Auto Transformer Unit (ATU), Auto
Transformer Rectifier Unit (ATRU), Transformer Rectifier Unit (TRU), Remote Power

Distribution Unit (RPDU), and Power Electronics Converters (PEC).



Though IDGs are replaced by VFGs in aircraft main power generation, they are still
used in few modern aircraft (B737NG, B777x, and A330) [10] to provide 115V 400Hz AC
backup power to the aircraft loads. Since the IDGs are less reliable and less efficient, the
VFGs were used along with PECs to provide 115V, 400Hz AC backup power to the aircraft
loads. These systems are called variable speed constant frequency (VSCF) systems and are
used by some aircraft (B777, some versions of B777-500) with very little success in the
past [1]. However, with the latest advancements in power electronics such as reliable power
switches, fault tolerant converter architectures and advanced control methods to reduce the
space consumption of the converters, the PEC based backup power systems are still very
attractive options to provide backup power to the aircraft loads. In this dissertation, PEC
based backup power systems with different topologies and control methods are investigated
and control improvements are proposed to help reduce the space consumption of the PEC

by reducing the DC-link capacitance required in the PEC.

1.1.1 VFG based PEC controlled AC power system

One of the main advantages of using PEC based VSCF backup power system, when
compared to the IDG system is that the PEC can be mounted anywhere in the aircraft which
not only helps in reducing the size of the backup power generator but also gives flexibility
in the aircraft weight distribution. There are different PEC topologies for VSCF system

that are currently being used or in consideration in both civil and military aircraft, they are,
1. The DC-link based Diode Rectifier Inverter (DRI) system (AC-DC-AC).
2. The Cyclo-converter or Matrix converters based system (AC-AC).

3. The DC-link based Active Rectifier Inverter (ARI) system (AC-DC-AC).
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Fig. 1.5: VFG based DRI regulated 115V, 400Hz VSCF system with DC-link.

Fig. 1.5 shows the VFG based DRI regulated 115V, 400Hz VSCF system with DC-
link. In DC-link based DRI systems, the VF AC voltage from the VFG is first converted
into a DC voltage using a three phase diode rectifier to form a DC-link, then the DC voltage
is converted into a CF 400Hz, 3 phase, 115V AC by using a three phase inverter. The state
of the art DC-link based DRI system is a highly matured and proven technology in several
power electronics applications for the last several decades. The main drawback in using
the DC-link based VSCF system is the usage of bulky energy storage DC capacitors at the
DC-link [11]-[13]. The presence of bulky DC-link capacitors increases the total volume of

the PEC and poses increased difficulties in realizing high power density.

Fig. 1.6 shows the VFG based matrix converter regulated 115V, 400Hz VSCF
system. In Cycloconverter or Matrix converter based VSCF systems, the VF AC is directly
converted into CF AC without the need for DC-link and thereby eliminates the space
consuming DC-link capacitors in the PEC[14]. The cycloconverter based VSCF systems
are widely used in US military aircraft (F/A18-C/D, F/A18-E/F, F117A, U2 and V-22)
[15],[16].

Though cycloconverters and matrix converters eliminate the bulky DC-link
capacitors, these systems need AC filters at the input and output side of the PEC and require

additional number of semiconductor switches and consequently require more gate drivers
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Fig. 1.7: VFG based active rectifier regulated 115V, 400Hz VSCF system with DC-link.
in the PEC. Moreover, these systems produce less output voltage and high conduction loss
due to the increased number of semiconductor switches in the PEC [17], [18]. As a result,
there is no significant reduction in size and weight of the PEC and no substantial
improvement in the performance when compared to the DC-link based DRI system. Hence,
DC-link based VSCF DRI systems are more commonly used in civil aircraft, such as MD90
till 1990 (2 x 75kVA converter), B717, B737, and B777 (2 x 20kVA in older models and
2 x 43.3kVA in newer models) [1], [3], [19]-[21]. Besides, the demand for minimizing
DC-link capacitance in the DC-link based VSCF system increases day by day and becomes
more significant in the civil aircraft to increase the power density of the EPS and at the
same time to keep the volume and space consumption lower than other backup power
systems. The pioneering advancements in power electronics and the development of ultra-

high speed Digital Signal Processor (DSP) and Field Programmable Gate Array (FPGA)



play a vital role in reducing the bulky DC-link capacitance through fast digital control

strategies.

One another VSCF topology, which is gaining more interest in the aircraft EPS is
the active rectifier inverter regulated VSCF system. The usage of active rectifier enables
number of advantages in the EPS such as, starter/generator operation when compared to
only generation mode with diode rectifier based VSCF systems, fast transient control helps
to enable DC loads and energy storage in the DC-link along with the AC loads. Fig. 1.7
shows the VFG based active rectifier regulated 115V, 400Hz VSCF system with DC-link.
In this VSCF system, the diode rectifier is replaced with an active rectifier to improve the
power quality and efficiency of the VFGandat the same timeto improve
the transient response at the DC-link to meet the transient voltage specifications at the DC-
link and allows local DC loads and energy storage at the DC-link. Though active rectifier
based system improves the power quality and efficiency of the VFG, the presence of active
rectifier increases the space consumption due to the presence of additional gate drivers and
controllers in the PEC, along with the DC-link capacitors. However, with suitable control
improvements and high switching frequency operation, the presence of switching converter

helps to reduce the sizing of the PEC.

1.1.2 VFG based PEC controlled DC power system

In modern MEA, DC power distribution is becoming more popular and
increasingly being considered in aircraft EPS in recent years due to its reduced power loss
and weight-saving qualities. In Boeing 787, +/-270 Volt DC is used as one of the primary

power distribution along with the 230V VF AC supply [6], [22].



Transformer Rectifier Unit (TRU)

Variable Frequency Or
Aircraft Engine Synchronous Generator  Auto Transformer Rectifier Unit (ATRU)
; " \ DCLink 570y
v 4 or
SG = | 1540V (+/-270V)
W . ) = or
3-phase . 28V

115V/230V,
~300 - 800Hz

Fig. 1.8: VFG based ATRU/TRU regulated +/-270V DC power system.

Variable Frequency 3-phase
Aircraft Engine Synchronous Generator Diode Rectifier

3-phase
115V/230V,
~300 - 800Hz

Fig. 1.9: VFG based diode rectifier regulated 270V DC power system.

Variable Frequency 3-phase
Brushless Synchronous  Active PWM
Aircraft Engine Generator rectifier

Driven by
Aircraft
Engine

Fig. 1.10: VFG based active rectifier regulated +/-270V DC power system.

As per Fig 1.1, the aircraft EPS trend is moving towards the HVDC systems so that
the DC backup power systems also need to be optimized for better efficiency and less fuel
consumption in the aircraft. The +/-270 Volt DC is obtained by converting the VF AC into
DC by using ATRU and TRU as shown in Fig. 1.8. Though the VFG is used along with
the PEC (diode rectifier), the usage of ATRU and TRU, makes the system extra bulky. One

possibility in the standalone DC power system is that the diode rectifier can be directly



connected to the VFG without ATRU and TRU, and DC-link voltage regulation is obtained
by controlling the excitation of the VFG. Fig 1.9 shows the VFG based diode rectifier
regulated DC system without ATRU/TRU. However, the power quality at the output of

VFQG is still poor.

Fig 1.10 shows the VFG based active rectifier regulated +/- 270V DC power
system. In this system, similar to Fig. 1.7, the diode rectifier is replaced
with an active rectifier to improve the power quality and efficiency of the VFG and at the
same time to improve the transient response at the DC-link. It also helps to reduce the
amount of DC-link capacitance required in the system with its fast switching and accurate

torque control strategy.

In this dissertation, control improvements are proposed for different AC and DC
backup power system architectures, to improve the transient step load response at the POR
to help reduce the DC-link capacitance required in the PECs and at the same time to meet
the aircraft MIL-STD transient voltage specifications at the POR with the reduced DC-link

capacitance.

1.2 Summary of the contributions

This dissertation is focused on the following research objectives,

1. Minimization of DC-link capacitance in a VF Brushless Synchronous Generator

(BSG) based diode rectifier regulated 270V DC power system.

2. Minimization of DC-link capacitance in a VF BSG based Diode Rectifier Inverter

(DRI) regulated VSCF 115V, 400Hz AC system.
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3. Minimization of DC-link capacitance in a VF BSG based active rectifier regulated

DC system and active rectifier inverter regulated VSCF AC system.

4. EMI filter design for the PECs in AC and DC EPS and the investigation of the
effects of EMI filters on the control algorithm for minimization of DC-link

capacitance.

5. Modeling and simulation of the AC and DC aircraft EPS in PLECS and validating
the effectiveness of the control algorithms in real-time controller Hardware in loop

testing.

1.3 Organization of the dissertation

This dissertation is organized in the following manner,

In chapter 2, a VF BSG based diode rectifier regulated 50kW DC power system is
studied. The DC-link voltage regulation is employed by controlling the field current of
the exciter SG using two-quadrant DC chopper. Feedforward control improvements are
proposed for the two-quadrant DC chopper control. The feedforward control improvements
help to improve the transient step load response of the DC-link voltage regulation and to
meet the MIL-STD704F transient voltage specification with minimized the DC-link
capacitance. The control improvements are verified using PLECS simulation and

Controller hardware in the loop (C-HIL) testing.

In chapter3, a VF BSG based DRI regulated 80kVA VSCF AC system is

investigated. The objective is to reduce the DC-link capacitance value and at the same time

to meet the strict MIL standard transient voltage specifications at the 115V 400Hz AC

11



inverter output. In this chapter the control improvements from the BSG side DC chopper
control is adapted with a novel adaptive inverter voltage reference (AIVR) algorithm in the
inverter side control. The combined control improvements help to reduce the rate of
change of DC-link voltage during transient step load at the inverter output and thereby
reduces the DC-link capacitance required in the VSCF system. An 80 KVA VSCF system
is modeled and simulated in PLECS with control improvements and the effectiveness of

the control improvements are validated in C-HIL testing with 100uF DC-link capacitance.

In chapter 4, control improvements are proposed for a VF BSG based active
rectifier regulated DC system to further improve the transient response of the DC-link
voltage and to minimize the DC-link capacitance when compared to DRI based DC system.
The proposed control algorithm also optimizes the field current of the exciter SG and the
direct axis field current component of the BSG during steady state operating condition to
maintain unity power factor operation at the BSG output terminals. The proposed control
algorithm is also adapted into the active rectifier inverter regulated VSCF system along
with inverter side AIVR algorithm from chapter 3. The control improvements are validated

in real time C-HIL testing.

In chapter 5, the EMI filter design for VF BSG based PEC regulated DC and AC
systems are studied for aircraft EPS by following DO-STD-160. The EMI filters are
designed for different PECs in a 50kW active rectifier regulated DC systems such as two-
quadrant DC chopper, and the active rectifier. The transient performance of the DC system
control with minimized DC-link capacitance is compared for cases with and without EMI
filters and the interaction of EMI filters with the fast transient control algorithms are

studied and presented with real-time C-HIL testing results.
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Chapter 6 concludes the dissertation by summarizing the key research contribution and
discusses the future scope of the research in the areas such as: (1) Aircraft EPS with control
improvements for the PEC based DC and AC systems with EMI filters; (2) The control
improvements for the backup power system with loads in both 115V, 400Hz AC and 270V
DC with strict AC and DC transient voltage limits; (3) The VF BSG machine model based
exciter SG field current estimation to replace the look up table approach; and (4) Induction
Generator (IG) based AC and DC systems with control improvements for minimization of

DC-link capacitance.
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CHAPTER 2

MINIMIZATION OF DC-LINK CAPACITANCE FOR BRUSHLESS SYNCHRONOUS

GENERATOR (BSG) BASED DC POWER SYSTEM FOR DC LOADS

In this chapter, feedforward control improvements for minimizing the DC-link
capacitance in a brushless Synchronous Generator (SG) based aircraft DC power system
are proposed. The proposed techniques involve an output power based feedforward
compensation for the DC-link voltage regulation control and a feedforward steady-state
duty cycle compensation for the exciter SG field current control. This control scheme helps
to meet the tight MIL-STD-704F transient voltage requirements for 270V aircraft DC
power system with minimum DC-link capacitance. The proposed controller is validated
through simulation and Controller Hardware-in-Loop (C-HIL) experiments for a SOKVA
three-stage brushless SG system model with 600uF DC-link capacitance and results are

provided at different speeds of the machine.

2.1 Introduction

In More Electric Aircraft (MEAs), DC power distribution is being increasingly
considered for aircraft electrical power system (EPS) due to its reduced power loss and

weight-saving aspects.

1© 2021 IEEE. Portions Adapted, with permission, from G. Selvaraj, K. R. Ramachandran Potti, K.
Rajashekara, "An Improved Feedforward Controller for Minimizing the DC-link Capacitance in a Brushless
Synchronous Generator based Aircraft DC Power System,” in Proc. IEEE ITEC, June 2021.
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Fig. 2.1: Block diagram of the BSG based 270V DC power system.

The MEA such as Boeing 787 uses 270V DC distribution in addition to 115V AC
at 400 Hz, and 28 V DC. The 270V DC supply is generated from 230V/115V, 300-800Hz
AC output from variable frequency (VF) synchronous generators [2]—[4]. The aircraft DC
loads are locally connected to the 270V DC bus using DC-link capacitor banks. These DC-
link capacitors are space-consuming, heavy, and high in capacitance value due to the very
tight transient voltage requirements from MIL-STD-704 [23]. Hence, efforts to minimize
the DC-link capacitance value through suitable control techniques in a VF brushless
synchronous generator (BSG) based DC power system as shown in Fig. 2.1 are presented
in this chapter. Several control methods to reduce the DC-link capacitance for Pulse Width
Modulation (PWM) active rectifier based DC power systems have been investigated in
[24]-[26]. However, in most of the world’s airplanes, passive diode bridge rectifiers are
still being used. In [27], BSG based diode rectifier based active DC load with traditional
buck converter control is used with 10mF DC-link capacitance is used for a 120kVA
system. A deadbeat control for a 270V aircraft DC power system based on a three-stage

BSG along with a diode rectifier is presented in [28].
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Fig. 2.2: MIL-STD-704 transient voltage specifications for 270V DC system [23].

This method demonstrates that the control is able to meet the MIL-STD-704F
transient voltage specification as shown in Fig 2.2, for the 270V DC system at low and
high-speed operations. Although the presented control method in [28] is able to meet the
MIL transient voltage limits, this method does not address the issue of the high DC-link
capacitance value required in the system. Moreover, not much research has been reported
in the literature on the methodologies to achieve lower DC-link capacitance value in such
applications. In this chapter, new feedforward control techniques are proposed to minimize
the DC-link capacitance value required in the aircraft DC power systems. The two
feedforward techniques for the three-stage SG system proposed in this chapter are 1) an
output power based field current reference for the exciter SG field current control; 2) a
steady-state duty ratio calculation to the DC chopper for field current control of exciter SG.
The proposed control techniques help to achieve a better transient response for DC-link

voltage regulation control and exciter SG field current control. This helps to minimize the
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Fig. 2.3: Control block diagram of the DC-link voltage regulation and exciter SG field
current control using two-quadrant DC chopper.

DC-link capacitance value required in the system and at the same time to meet MIL-STD-
704F transient voltage limits for the 270V aircraft DC power system. The proposed
controller is implemented for a BSG based 5S0kW DC power system modeled in PLECS
and validated through PLECS and real-time simulations. The effectiveness of the control
is verified in real-time using controller Hardware-In-Loop (C-HIL) emulator. The results
prove that the control is able to meet MIL-STD-704F transient voltage limits with reduced

DC-link capacitance of 600uF as compared to 2500uF, for both low and high-speed

operations.
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2.2 Controller for BSG based DC power system

Fig. 2.3 shows the control block diagram of the DC-link voltage regulation of the
three-stage VF BSG based 270V aircraft DC power system. The three-stage BSG consists

of a main SG, an exciter SG, a three-phase rotating diode rectifier, and a PMSG mounted
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Fig. 2.4: Class D two-quadrant DC chopper.

on an extended single shaft which is coupled to the shaft of the High Pressure (HP) spool
turbine of the aircraft main engine. The main SG generates three-phase variable frequency
AC voltage which is then converted into DC voltage by using the main 3phase diode
rectifier to form the DC-link of the VSCF power system. The DC-link voltage regulation
is achieved by regulating the output voltage of the main SG through field excitation control
of the exciter SG using a two-quadrant DC chopper. In order to design the exciter field
current controller of the DC chopper, the steady state and averaged small-signal models of

the DC chopper connected exciter SG field winding are studied.

Fig. 2.4 shows a class D two-quadrant DC chopper connected to the field winding
of the exciter SG. The state space steady state model of the DC chopper connected exciter
SG field winding is used to derive the steady state duty cycle of the DC chopper. At steady

state condition, AX + BU = 0 so the state space equation becomes
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From (2.1), the duty cycle D can be derived as

_ VDC—chp— in T(IF RF)
D= )
2VDC—chp— in

(2.2)

where Vpc_cnp- in 1s the DC input voltage to DC chopper, I is the field winding current.
If Vpc—chp- in and the exciter field winding resistance Ry are known, the equation (2.2) can
be used to calculate the steady state duty cycle D for a required amount of field winding
current /. This steady state duty cycle D can be used in the exciter field current control
as a feedforward compensation to improve the controller performance and to get faster
transient response. Additionally, the averaged small signal model of the two-quadrant DC
chopper is derived for the purpose of controller design. The state space equations for the

DC chopper input and output currents are

. . ﬁDC—ch in
~ _[-Rr] = 2D-1  2Vpc-chp in p
[l =58 P = [ ] @)

d
and

li] = [2D — 1] Ty, (2.4)

where 1 L 1s the small signal inductor current, i Lp 18 the derivative form of the small
signal inductor current, i;, is the input current of DC chopper, Upc_chp- in 1S the small

signal DC input voltage to DC chopper, and d is the small signal duty cycle. From

equations (2.3) and (2.4), the small-signal duty to field current transfer function ng(s) is

derived as
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It can be seen from the equation (2.5) that the two-quadrant DC chopper with exciter field

winding is a first-order system and has a pole at § = _L—RF, with the time constant T = RLTF.
Table 2.1: System Parameters.
DESCRIPTION VALUES
THREE STAGE BSG
MAIN SG EXCITER SG PMSG
Normal speed range (N) 7 — 14 krpm 7 — 14 krpm 7 — 14 krpm
Number of pole pairs (PP) 8 (16 poles) 4 (8 poles) 8 (16 poles)
Output frequency (Fsg) 933 — 1866 Hz 466 — 933 Hz 933 — 1866 Hz
Stator phase resistance (Rs) 0.13Q 0.07 Q 1.17 Q
Stator phase inductance (Ls) = (Lp + Lq)/2
Lp= les+ 3/2 Lmp; Lo (: E)LS +(3]/32 LM(;) S10 uH 317 uH 600 uH
Stator phase leakage inductance (Lis) 60 nH 44 yH
Magnetizing inductance in D-axis (Lmp) 250 uH 175 uH
Magnetizing inductance in Q-axis (Lwmg) 350 uH 190 uH
Turns ratio between stator winding and field
winding; used for referring field winding 0.1531 0.04284
variables to the stator
Field winding resistance (Rr); value referred (1.144 * (10*
to the stator (0.1531)"2) Q (0.04284)"2) Q
Field winding leakage inductance in q-axis 4.3 mH * 22 mH *
(Lrrp); value referred to the stator (0.1531)"2 (0.04284)"2
D-axis damper winding resistance (R
referred to tlfle stator y (o) URAIEA (S
axis dam — -
Damper phase winding leakage inductance in 50 uH
d-axis (Likp) referred to the stator
Damper phase winding leakage inductance in 20 uH
g-axis (Likq) referred to the stator
MAIN DIODE RECTIFIER
DC output voltage (DC-link) 270V
DC-link capacitance (designed value for 2500 pF based on transient operation results from
50kW) simulation

A cascaded loop voltage control strategy is used for DC-link voltage regulation, as

shown in Fig. 2.3. The outer loop DC-link voltage regulation is based on a Proportional

and Integral (PI) controller which generates the excitation field current reference to the
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inner current loop. The PI controller gains selected for rated SOkW operation at 14000rpm
are Kp = 0.0001 and Ki = 0.3. The inner current loop PI controller regulates the excitation

field current of the exciter SG. The inner current loop PI controller is designed based on
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Fig. 2.5: DC-link voltage regulation waveform for 2500uF DC-link capacitance without
any control improvements for 25kW step load at 7000rpm.

pole placement technique. The PI controller gains selected for rated 5S0kW operation at

14000rpm are Kp = L * gain = 22, Ki = f—F. = 454. Table 2.1 shows the machine

F

parameters of the system under study. The simulation results of DC bus voltage regulation
with 2500uF DC-link capacitor are shown in Fig. 2.5 and 2.6 for 7000rpm and 14000 rpm
with a rated power of 25kW and 50kW step load respectively. It can be seen from Fig. 2.5

and 2.6 that the DC-link voltage is regulated at 270V for both 7000rpm and 14000rpm.
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Furthermore, the transient response shows that the DC chopper controller is able to
successfully recover the DC-link voltage back to 270V during the step load application and
removal. Though the DC chopper controller provides stable operation at the DC-link during

transient and steady-state conditions for both low and high speed operation, the rate of

—
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Fig. 2.6: DC-link voltage regulation waveform for 2500uF DC-link capacitance without
any control improvements for SOkW step load at 14000rpm.

change of DC-link voltage during transient step load is very high. As a result, the 270V DC
system is not able to meet MIL-STD-704F transient voltage limits for rated power S0kW
step load during high-speed operation (14000rpm), as shown in Fig. 2.6. It can also be seen
from Fig. 2.6 that, the DC-link voltage overshoots more than 500V (which is beyond the

limits suggested in MIL-STD-704F), during high-speed operation for 50kW step load
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removal. This is mainly because the excitation current required during high-speed
operation is very low when compared to the low-speed operation. This limits the PI
controller gain margin for DC-link voltage regulation during step load at high-speed
operation [28]. Hence, it is evident that the conventional DC chopper controller for the
BSG based DC power system does not work effectively at high speed operation and thus
the 270V DC power system is not able to meet the MIL-STD-704F transient voltage

requirements even with 2500uF DC-link capacitance.

2.3 Feedforward control techniques for BSG based DC power system

One of the main requirements of the 270V aircraft DC power system is to meet the
MII-STD-704F transient voltage limits at the DC-link. In order to achieve tight transient
voltage specifications, the DC-link capacitors need to be sized with very high value.
Moreover, the conventional DC-link voltage regulation control of the BSG based DC
system 1is limited by poor transient response time. To overcome these limitations, two
feedforward compensation techniques are introduced to the two-quadrant DC chopper

control:

1) Steady-state duty cycle based feedforward compensation for inner current loop

controller.

2) Lookup table based feedforward exciter field current reference for outer voltage

loop controller based on output power.
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Fig. 2.7: Control block diagram of the exciter field current control and DC-link voltage
regulation with feedforward compensation.

Fig. 2.7 shows the control block diagram of the DC-link voltage regulation of the
three-stage VF BSG based DC power system with feedforward compensations added to
the DC chopper control. As shown in Fig. 2.7, the steady-state duty cycle for a two-
quadrant DC chopper from equation (2.2) is added as a feedforward compensation to the
output of the inner current loop PI controller. During transient operations such as heavy
step load application or step load removal at the DC-link, the steady-state duty cycle ‘D’

provides an instantaneous change required in the DC chopper duty cycle to regulate the

exciter SG field current.
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Table 2.2: Feedforward field current reference Look up table (in Amps) for Exciter SG.

Load in kW

0 10 20 30 40 50

7000 1.5 2.3 3 3.7 43 4.9

8000 1.3 1.9 2.45 3.1 3.6 4.1

E 9000 1.1 1.55 1.98 2.48 2.95 3.45
°é 10000 0.9 1.3 1.68 2.03 2.41 2.8
% 11000 0.82 1.15 1.53 1.89 2.15 2.48
% 12000 0.73 1.03 1.31 1.59 1.88 2.22
13000 0.64 0.9 1.22 1.47 1.7 1.9

14000 0.5 0.8 1.1 1.31 1.52 1.6

Generally, the inner loop field current control response is faster than the outer
voltage loop since it only involves the exciter field winding time constant. On the other
hand, the DC-link voltage regulation and its transient response heavily depend on the
performance of the outer loop voltage controller of the DC chopper. In the outer voltage
loop, a lookup table based feedforward compensation is added to the PI controller output
to provide a combined field current reference to the inner current loop control, as shown in

Fig. 2.7.

Table 2.2 shows the feedforward exciter field current reference lookup table which
is obtained through the simulation of brushless SG for different DC load power at different
speed conditions. During the load transient operations, the steady-state field current
reference from the lookup table is added to the output of the voltage loop PI controller to
provide the instantaneous change in the field current reference required at the input of the
inner control loop. This helps in faster recovery of the DC-link voltage during heavy step
load. Moreover, the rate of change of DC-link voltage during step load can also be reduced
since the feedforward compensation provides instantaneous change required at the input of

the exciter SG field current control for any instantaneous change in the output power.
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Fig. 2.8: DC-link voltage regulation waveform for 600uF DC-link capacitance when
feedforward compensation is enabled for 25kW step load at 7000rpm.
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Fig. 2.9: DC-link voltage regulation waveform for 600uF DC-link capacitance when
feedforward compensation is enabled for S0kW step load at 14000rpm.
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The simulation results of DC bus voltage regulation using 600uF DC-link capacitor
using the feedforward compensation techniques at various speeds - 7000rpm and 14000
rpm and under rated power of 25kW and 50kW step load respectively, are shown in Fig.
2.8 and 2.9. When the feedforward compensation is enabled for both inner and outer loop
controllers of the DC chopper, significant improvement can be observed in the transient
response of the DC-link voltage when compared to the transient response without

feedforward compensation.

It can be seen from Fig. 2.8 and 2.9 that the DC-link voltage recovery time during
transients operation has reduced significantly to less than “~40mSec” which is only ~1/5th
of the recovery time observed without feedforward compensation. Moreover, the DC-link

capacitance value has been reduced significantly to a lower value of 600uF, and more
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Fig. 2.11: Controller Hardware-In-Loop (C-HIL) real-time simulation testbed.

importantly, the 270V aircraft DC power system is able to meet MIL-STD-704F transient
voltage limits with minimum DC-link capacitance. Fig. 2.10 (a), (b) and (c) show the

exciter field current control transient response for SOkW step load during 14000rpm when

feedforward compensation is enabled.

2.4 Real-time C-HIL testing and results

The proposed feedforward control improvements for DC-link voltage regulation of

a BSG based DC aircraft power system using two-quadrant DC chopper is verified in real-
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time C-HIL simulation. Fig. 2.11 shows the C-HIL real-time simulation testbed based on
Typhoon HIL 604 emulator and Texas Instruments (TI) Digital signal processor (DSP)
TMS320F28335 based controller. The three-stage BSG, two-quadrant DC chopper, and
three phase diode rectifier are modelled in Typhoon HIL emulator using the system

parameters from table 2.1.

The two-quadrant DC chopper control is implemented in TI DSP. The switching
PWM carrier frequency is selected as 40 kHz. The exciter SG field current controller is
processed at 40kHz in the inner loop same as the PWM frequency and the DC bus voltage
controller in the outer loop is processed at 8kHz which is 1/5 the processing speed of the
current controller. The processor bandwidth utilization is about 80%. Typhoon HIL
SCADA environment is used to apply and remove step load to the system, and also to
monitor the generator and DC bus voltages and currents. TI1 code composer studio is used
to debug, monitor, and control the real-time control parameters such as PID tuning of

controllers.

The DC chopper control is implemented in the per-unit system. The PI values
chosen in the DSP for the current controller are Kp current = 0.01 and Ki current = 0.2.
The PI values chosen for voltage controller are Kp voltage = 0.0015 and Kp voltage =
0.04. The feedforward steady-state duty ratio ‘D’ is calculated based on equation (2.2) and

the feedforward exciter field current reference is provided from table 2.2.
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Fig. 2.12: DC-link voltage regulation waveform from HIL for 2500uF DC-link capacitance
without any control improvements for speed 7000rpm: (a) 25kW step load
applied; (b) 25kW step load removed.

The C-HIL simulation results for the BSG based DC power system using two-
quadrant DC chopper are shown in Fig.2.12 to 2.15. Fig. 2.12 (a) and (b) and Fig. 2.13 (a)
and (b) show the real-time C-HIL simulation results for DC-link voltage regulation using
2500uF DC capacitor with conventional DC chopper control without feedforward control

improvements for speed 7000rpm and 14000rpm, and with 25kW and 50kW step load
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Fig. 2.13: DC-link voltage regulation waveform from HIL for 2500pF DC-link capacitance
without any control improvements for speed 14000rpm: (a) S0kW step load
applied; (b) S0kW step load removed.

changes, respectively. It can be seen from Fig. 2.12 and 2.13 that the C-HIL results match

closely with the PLECS simulation results shown in Fig. 2.5 and 2.6.

Fig. 2.14 (a) and (b), and fig. 2.15 (a) and (b) show the DC-link voltage regulation
waveforms from C-HIL testing for 600uF DC-link capacitor with feedforward control
improvements enabled for speeds 7000rpm and 14000rpm, and with 25kW and S0kW step

load changes, respectively.
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Fig. 2.14: DC-link voltage regulation waveform from HIL for 600pF DC-link capacitance
with feedforward compensation enabled for speed 7000rpm: (a) 25kW step load
applied; (b) 25kW step load removed.

The C-HIL real-time simulation results of the feedforward control matches closely
with the PLECS simulation results and hence the controller is able to meet the MIL-STD-

704F for DC system with a minimum DC capacitance of 600uF.
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Fig. 2.15: DC-link voltage regulation waveform from HIL for 600uF DC-link capacitance
with feedforward compensation enabled for speed 14000rpm: (a) SOkW step load
applied; (b) S0kW step load removed.

2.5 Summary
In this chapter, feedforward control improvements for a three-stage BSG based
270V 50kW aircraft DC power system to minimize the DC-link capacitance are proposed.

The proposed control techniques, namely, an output power based feedforward

compensation for DC-link voltage regulation and a feedforward steady-state duty cycle
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compensation for the exciter SG field current control can be easily integrated into
conventional brushless SG control without any additional hardware requirements. The DC-
link capacitance value of as low as 600uF could be achieved as compared to larger values
above 2500uF present in the existing DC power system with conventional control method,
by still meeting the transient output voltage requirements as per MIL standards. The
concept is validated through aircraft power system modeling and extensive simulation
using PLECS and C-HIL with satisfactory results at different operating speeds and load

transient conditions as per MIL-STD-704F requirements.
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CHAPTER 3

MINIMIZATION OF DC-LINK CAPACITANCE FOR BRUSHLESS SYNCHRONOUS

GENERATOR (BSG) BASED VSCF SYSTEM

3.1 Introduction

The Electrical Power System (EPS) in the aviation industry has gone through major
transformations over the past several decades. Various DC and AC architectures have been
used in the aircraft such as 28V DC, 115V AC at 400Hz Constant Voltage Constant
Frequency (CVCF), and Constant Voltage Variable Frequency (CVVF) of 230V,300-
800Hz and then converting it into 115V, 400Hz and 270V DC (in aircraft such as A380
and B787) [1]-[3]. Though many modern aircraft including More Electric Aircraft (MEA)
are currently using CVVF AC architecture, majority of the aircraft electrical equipment are
legacy loads that have to be supplied with 115V, 400Hz AC and 28V DC [2], [3], [6], [22],
[29]. For main power generation in MEA systems, the CVVF AC is mainly used and is
generated by using Variable Frequency Generators (VFGs) [9], [30]. Though VFGs have
replaced the CVCF Integrated Drive Generators (IDGs) in MEAs for main power
generation, IDGs are still used in a few modern aircraft for backup power generation [31].
Since the IDGs are less reliable and less efficient due to their mechanical gear
arrangements, power electronic converter (PEC) based VSCF systems are gradually
replacing the IDGs in backup power generation [2], [3], [24]. One of the main advantages
of VSCF system as compared to IDG is that the PEC can be mounted anywhere in the
aircraft. This helps in reducing the size of the backup generator and also gives flexibility

in the aircraft weight distribution.
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Fig. 3.1: Block diagram of the BSG based DC power system.

The DC-link based VSCF systems as shown in Fig. 3.1 are more commonly used
in civil aircraft, such as MD90, and B777 backup power generation [1], [3], [31]. In this
type of Diode Rectifier-Inverter (DRI) based system, it is estimated that the DC-link
capacitors consume about 20 to 25% of the total volume of the PEC, which is quite high.
This chapter focuses on proposing conceptual strategies to minimize the DC-link
capacitance in the DRI based VSCF system in aircratft.

A number of techniques have been proposed in the literature to minimize the DC-
link capacitance in PECs [24], [32], [33]. VSCF based on PWM converter-inverter
configuration in [24] uses a DC-link capacitor current control on the PWM rectifier side
along with a feedforward compensation. A feedforward control of PWM rectifier based on
inverter output power variation is proposed in [32]. These feedforward compensation
techniques based on output power can improve the stability of the PWM rectifier-inverter
system with reduced capacitance. However, such methods have not been addressed to meet
the output transient specifications for the inverter while switching heavy loads. Although
these control methods could significantly reduce the DC-link capacitance value in the PEC,
they are not suitable for DRI systems because the diode rectifiers are not controllable.
Various control methods that use inverter side control of DRI systems are proposed in [34]—

[38].
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Since the reduction in DC-link capacitance increases the voltage fluctuations,
which can lead to instability challenges, the methods used in [34]-[38] are mainly focused
on DC-link voltage stabilization and ripple reduction. An active damping strategy to
stabilize the DC-link voltage is proposed in [36]-[38]. In [36], the DC-link voltage
fluctuation during step load change is suppressed by adjusting the d-axis voltage tolerance
range in the inverter control. This method demonstrates a significant amount of reduction
in DC-link capacitance (4.5uF/kW) for DRI systems. It involves estimation of source
current, which needs source impedance and input filter parameters that are not readily and
accurately available. Moreover, the methods in [36]—[38] consider only for fixed frequency
grid source applications and are not easily adaptable for variable frequency generating
systems. One of the major challenges in the aircraft EPS is to meet the MIL-STD-704F
transient voltage specifications which need further control improvements to minimize the
DC-link capacitance.

In this chapter, a novel output power based Adaptive Inverter Voltage Reference
(AIVR) algorithm is proposed for the inverter side control to minimize the DC-link
capacitance of the DRI based VSCF aircraft power systems. In addition, the paper proposes
a DC-link voltage regulation control on the VFG side with feedforward compensations to
improve the transient response of the DC-link voltage regulation. The proposed AIVR
algorithm adopts the control of four-leg inverter to adaptively match with the generator
side dynamics, which helps to meet the inverter output requirements for different transient
load operating conditions over the entire speed range, with reduced capacitance. Moreover,
both VFG side and inverter side controllers are independent to each other so that a

decentralized control scheme for VSCF systems can be realized to achieve better weight
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Fig. 3.2: Block diagram of a BSG based VSCEF aircraft AC power system.

distribution in the aircraft. In this chapter, the proposed control improvements are validated
through extensive simulation and controller hardware in loop testing (C-HIL).The VSCF
operation with reduced DC-link capacitance (by 95% of the value when compared to
conventional control method and still satisfying the MIL-STD-704F AC voltage transient

requirements at the Point of Regulation (POR) is also successfully demonstrated.

3.2 System overview

Fig. 3.2 shows the block diagram of a brushless Synchronous Generator (BSG)
based DC-link DRI VSCF aircraft AC power system. The VFG used in this system is a
three-stage BSG. It consists of a main SG, an exciter SG, a three-phase rotating diode
rectifier, and a PMSG. They are mounted on an extended single shaft which is coupled to
the shaft of the High Pressure (HP) spool turbine of the aircraft main engine. The field
winding of the main SG is excited with a DC voltage that comes from a 3phase rotating
diode rectifier which converts the AC output voltage from the exciter SG into DC voltage.
The exciter SG has stationary field and rotating armature; and the stationary field winding

of the exciter SG is excited using a two-quadrant DC to DC converter, also known as two-
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quadrant DC chopper. The AC output voltage generated by the PMSG is converted into
DC voltage and given as the input to this two-quadrant DC chopper. The operating speed
of the HP spool turbine in the modern aircraft main engine is typically in between 7000
and 14,000 rpm [3], [31]. For this speed range, a 16 pole main SG generates a three-phase
AC voltage with variable frequency in the range of 933.3 to 1866.6 Hz. This variable
frequency AC voltage is then converted to DC voltage by using the main 3phase diode
rectifier to form the DC-link of the VSCF power system. The DC-link voltage regulation
is achieved through an excitation control of the BSG using the two-quadrant DC chopper.
A three-phase four-leg inverter along with an output LC filter is used to convert the DC
voltage from DC-link to a three-phase, four-wire, sinusoidal, 400Hz fixed frequency, 115V
AC voltage at the POR. A long feeder cable delivers the inverter output from POR to the
aircraft AC loads. The control schemes for two-quadrant DC chopper and four-leg inverter

are discussed in Section 3.4.

3.3 Selection criteria for choosing minimum DC-link capacitance for

VSCF system

To make the VSCF system suitable and attractive for aircraft applications, higher
power density is one of the major requirements. DC-link capacitance in a VSCF system is
one of the critical components which needs to be reduced to achieve higher power and
volume densities. In aerospace applications, film capacitors are more commonly used as
DC-link capacitors in PECs due to their ability to handle high-temperature operation, high

ripple current capacity [39], [40], and most importantly smaller in size when compared to
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the bulky electrolyte capacitors. For such critical systems, the minimum value of DC-link

capacitance chosen should meet three main criteria, they are,

VF - Brushless SG Diode Rectifier Inverter
D | ] S ]
s R Le 1 iDi s
s b s
5 O a ;
- i
: EgC) i 2 80— Vpc ® Ty :
$ T Q& { :
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Fig. 3.3: Simplified equivalent circuit model of the VFG connected DRI system with DC-
link capacitance.

1. To maintain stable operation during steady-state and transient conditions.
2. To meet DC-link voltage ripple requirements.

3. To meet transient output voltage requirements during step load conditions.

The theoretical minimum DC-link capacitance for DRI systems to meet system
stability (Criteria 1) is derived in [34]-[38]. In this method, a simplified equivalent circuit
is modeled with input source, diode rectifier, and inverter as shown in Fig. 3.3, and the

minimum DC-link capacitance (Cpc-min) value is calculated as

Coe-m 2[—PDC*L9 ] G.1)

VDCZ *Rg

where Ppc is the output power at DC-link, L is the equivalent input source inductance

3ws *Lg

(Lg = 2Ls), R is the equivalent input source resistance (R; = 2Rg + ), Ls and Rs

T

are the source inductance and resistance, wg is the input source frequency in radians/sec,

and Vpc is the DC-link voltage.
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Table 3.1: Minimum DC-link capacitance and ripple calculation

For 7krpm, For 14krpm,
Ppc = 40kW Ppc = 80kW
Cbc-min (based on eqn. 1) 45.04pF 46.93 uF
% ripplepk-pk (based on eqn. 2) ( Cpc from eqn. 1) 3.33% 3.19%
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Fig. 3.4: MIL-STD-704F AC voltage transient limits [23].

In order to meet the voltage ripple requirement (Criteria 2) at the DC-link for film

capacitors, the method used in [39] should be considered, which is given as

Ppc
240 * Vyjpple ¥ Vs—r  *fs ’

Cpc = (3.2)

where Vs_,.¢1s the phase rms voltage at the input of the diode rectifier, Vy; is the peak
to peak (pk-pk) ripple voltage at the DC-link, and fs is the input source frequency in Hz.
Though criteria 2 is one of the main requirements for selecting minimum DC-link
capacitance, the design for steady-state and transient operation could still meet satisfactory

ripple voltage for the DC-link of the VSCF system as calculated per criteria 1.
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The equations (3.1) and (3.2) guarantee the stability and DC-link voltage ripple of
the DRI system during steady-state and transient conditions. However, to meet the inverter
output voltage transient requirements (Criteria 3) during step load conditions, the minimum
DC-link capacitance required is determined based on factors such as; maximum allowed
rate of change of DC-link voltage during step load at the inverter output, maximum allowed
rate of change of AC output voltage and transient recovery time based on MIL-STD-741F
as shown in Fig. 3.4, rated DC-link voltage and the required AC output voltage that
determine the modulation index of the inverter control during step load, stiffness of the
input source, control methods, etc. Hence, the minimum DC-link capacitance value
required to meet criteria 3 differs from system to system and generally, the value chosen is

multiple times the value calculated based on criteria 1 and 2 to meet criteria 3.

For the VSCF system studied in this paper, the input source is a VF BSG with the
output AC frequency range from 933.3Hz to 1866.6Hz for the speed range 7000rpm to
14000rpm. The rated power at the DC-link are 40kW and 80kW for the speed 7000rpm
and 14000rpm respectively. Hence, the minimum DC-link capacitance values are
calculated for both lower and upper limit frequencies at rated DC-link power using (3.1)
and the corresponding DC-link ripple percentage (%) are calculated using (3.2) as shown
in Table 3.1. The value calculated based on (3.1) is used as a theoretical minimum DC-link
capacitance for the simulation of the 80kVA VSCF system. The equations (3.1) and (3.2)
are used to calculate the minimum DC capacitance for the VSCF system to meet the
stability criteria and voltage ripple requirements. However, the calculated DC-link
capacitance value may not be enough for the VSCF system to meet the strict MIL-STD-

704F transient voltage specifications at the 115V 400Hz AC output as shown in Fig. 3.4.
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Therefore, in order to meet the inverter output voltage limits during transient conditions, a
minimum value of DC-link voltage has to be maintained and the minimum DC-link
capacitance value has to be chosen such that the rate of change of DC-link voltage is
minimum during step load and the DC-link voltage stays above the minimum required
voltage to meet the required minimum inverter AC output voltage as required by MIL-

STD-704F.

The minimum DC-link voltage required to meet the minimum inverter output

voltage limit during transient load condition is calculated as
Vpe- = (Vout—ph—rms—mi + Vfil—drp—ph—r ) * ‘/8; (3.3)

where Viui—ph—rms—m 18 the minimum AC output voltage required during transient
condition based on MIL-STD-704F and Vj_grp—ph- is the voltage drop across the

output filter. For the VSCF system considered in this paper, the initial DC-link capacitance

value chosen for the simulation is S0uF based on (3.1).

3.4 Control of VSCF system and simulation results

Fig. 3.5 shows the control block diagram of the DC-link based DRI VSCF system.
A brief description on the BSG side control, four-leg inverter side control, and the
combined VSCF system control are discussed in the following subsections. The simulation
results for S0uF DC-link capacitance in the 80kVA VSCF system operated under steady-

state and transient step load conditions are provided.
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Fig. 3.5: Control block diagram of the DC-link based DRI VSCF system.

3.4.1 DC-link voltage regulation based on exciter SG field current control using two-

quadrant DC chopper

The BSG side DC-link voltage regulation of 540V is achieved through the exciter

SG field current control using two-quadrant DC chopper. The control of BSG side DC-link

voltage regulation is adapted from chapter 2 section 2.3 and [27], [41]. Fig. 3.6 (a), (b), and

(c) show the DC-link voltage regulation and the exciter field current control waveforms for

step changes in DC loads. It can be seen from Fig. 3.6 (a) that the DC-link voltage is

regulated at 540V during steady-state operation. In addition, the transient response shows

that the DC chopper controller is able to successfully recover the DC-link voltage back to

540V during transient switching load conditions.
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Fig. 3.6: Transient response of the DC chopper control during step change in DC load
(80kW): (a) DC-link voltage; (b) Exciter field current; (c¢) Duty cycle.

3.4.2 Voltage mode control for four-leg inverter:

A four-leg inverter topology, shown in Fig. 3.7, is considered in this VSCF system
to generate CVCF 115V, 400Hz AC supply to aircraft loads. This scheme is also a better
replacement for the inverter with output transformer. An output filter is used to filter the
switching harmonics from the inverter output to obtain a sinusoidal AC output voltage at
the POR. The inverter output voltage from POR is supplied to the aircraft loads through
long feeder cables. The inverter output voltage regulation is obtained by controlling the
output filter capacitor current [42]. The control is implemented in synchronous reference
frame (SynRF) and it has cascaded inner current loop and outer voltage loop controllers in

DQO axes.
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Fig. 3.8: Output voltage control and capacitor current control of four-leg inverter.

In this method, a dual phase angle control is adapted to improve the tracking

accuracy of the DQO axis controllers [43]. The detailed block diagram of the dual phase
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Fig. 3.9: Transient step load response of the four-leg inverter: (a) DQO axes voltages; (b)
Inverter output voltages and currents.

angle control of the four-leg inverter is shown in Fig. 3.8. The outer loop capacitor voltage
control is implemented using proportional (P) controllers and the inner loop filter capacitor
current control is implemented using PI controllers. The neutral wire inductance in the
output filter is not included to avoid the zero sequence cross coupling effects in the D and
Q axes. Hence, the inductor current decoupling for the 0 axis need not be considered. In
addition, the output voltage is added as feedforward to the capacitor current control output

to improve the transient response of the inverter.

The simulation results of the standalone four-leg inverter are shown in Fig. 3.9 (a)
and (b). The DQO axes controllers are able to successfully track the DQO axes reference
voltages during transient step load operation. It can be seen from Fig. 3.9 (b) that the
inverter output voltage is a sinusoidal 400Hz, 115V AC voltage. Moreover, the four-leg

inverter output voltage meets the MIL-STD-704F transient AC voltage limits.
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3.4.3 Complete VSCF system simulation

The combined VSCF system is verified for transient step load operations with
different DC-link capacitance values to determine the minimum DC-link capacitance
required to meet the MIL-STD-704F transient voltage specifications. Fig. 3.10 (a) and (b)
show the simulation results for the DC-link based VSCF system with DC-link capacitance
value of 50uF based on (1). It can be seen from Fig. 3.10 (a) that the DC-link voltage has
a significant drop in DC voltage during transient step load of 80kW applied at time 0.2sec.
It may also be noted from Fig. 3.10 (a) that the rate of change of DC-link voltage is
relatively high and the DC-link voltage dropped well below the minimum DC-link voltage
required to meet the transient AC output voltage limits. As per MIL-STD-704F as shown
in Fig. 3.4, the minimum DC-link voltage required to provide 115V AC output voltage at
the POR is ~285V based on equation (3.3). However, during transient step load conditions,
the minimum DC-link voltage required to meet the output AC transient voltage limits vary

from ~196V to ~282V calculated based on Fig. 3.4.

Though only ~196V is required from the DC-link at the instant when step load is
applied, it can be seen from Fig. 3.10 (a) that the DC-link voltage has fallen to 110V. Since
the DC-link voltage is lower than the minimum DC-link voltage required to meet the
transient AC voltage limits, the inverter does not meet the MIL-STD-704F. This is mainly
because the inverter side dynamics are faster than the generator side dynamics, which
affects the DC-link voltage regulation during transient operating conditions. Fig. 3.10 (b)
shows the transient response of the DC-link voltage regulation of the VSCF system for
80kW step load with 2000uF DC-link capacitance. It can be seen from Fig. 3.10 (b) that

the minimum DC-link capacitance required to meet the transient voltage limits at the
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Fig. 3.10: Transient step load response of the VSCF system: (a) DC-link voltage regulation

for 50uF DC-link capacitance; (b) Inverter - DQO axes voltages for SOuF DC-
link capacitance; (c) DC-link voltage regulation for 2000uF DC-link capacitance.

inverter output is 2000uF. The minimum DC-link capacitance value chosen based on
theoretical calculation from (3.1) is not able to meet the transient voltage limit requirements
at the inverter output. Hence, the selection criteria for minimum DC-link capacitance for
the VSCF system mainly depends on the transient performance of the generator side control
which has relatively slower dynamics when compared to inverter side control. In this paper,
feedforward control improvements are proposed for the generator side DC-link voltage

regulation control and output power based adaptive inverter voltage reference for four-leg
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Fig. 3.11: Block diagram of the proposed controller for the DC-link based VSCF system.

inverter control to improve the transient response at the DC-link for step loads at the

inverter output. The proposed control methods are explained in detail in Section 3.5.

3.5 Proposed control improvements for minimizing DC-link capacitance

in VSCF system

In order to minimize the DC-link capacitance of the VSCF system and at the same
time to meet the stability and MIL standard requirements, two independent decentralized
control improvements are proposed in this section for both generator side and inverter side

controls of the VSCF system.

3.5.1 Feedforward compensation techniques for BGS side DC-link voltage regulation

control

In order to improve the transient response of the DC-link voltage regulation, a
lookup table based feedforward compensation for generator side voltage control is adapted

from Chapter 2 section 2.3 and [41], as shown in Fig. 3.11. In this method, the feedforward
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Table 3.2: Feedforward exciter field current reference.

Load in kW
0 10 20 30 40 50 60 70 80
7000 1.5 2.3 3 3.7 4.3 4.9 5.6 6.3 7
8000 1.3 1.9 2.5 3.1 3.6 4.1 4.8 5.5 6.2
9000 1.1 1.6 2 2.5 3 3.5 42 49 5.5
10000 0.9 1.3 1.7 2 2.4 2.8 3.5 4.2 4.9
11000 0.8 1.2 1.5 1.9 2.2 2.5 32 3.9 4.5
12000 0.7 1 1.3 1.6 1.9 2.2 3 3.7 4.2
13000 0.6 0.9 1.2 1.5 1.7 1.9 2.6 3.2 3.8
14000 0.5 0.8 1.1 1.3 1.5 1.6 2.3 2.9 35

Speed in RPM

field current reference from the lookup table is added to the output of the outer voltage

loop to generate the required field current reference to the inner current loop.

Table 3.2 shows the feedforward exciter field current reference lookup table
obtained from the field test for different DC load power at different speeds of the main SG.
In addition, the steady-state duty cycle for the two-quadrant DC chopper is also added as a
feedforward compensation to the output of the inner current loop PI controller. These
feedforward improvements help in faster recovery of the DC-link voltage for larger step
loads. Hence, the rate of change of DC-link voltage during a step load change can be
significantly reduced since the feedforward compensations provide instantaneous change

required for step increase in the DC power.

The simulation results with feedforward compensation is enabled on the generator
side DC-link voltage regulation of the VSCF system control are shown in Fig. 3.12 (a) and
(b). The DC-link capacitance value used in the simulation is 400uF. When the feedforward
compensation is enabled on the generator side outer loop voltage controller, significant
improvement can be observed in the transient response at the DC-link voltage. It can be

seen from Fig. 3.12 (a) that when 80kW step load is applied, the DC-link voltage reaches
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185V momentarily. However, the DC voltage quickly recovers above 196V which is the
minimum DC-link voltage required during transient condition. Since the DC-link voltage
regulation is able to maintain the voltage above the minimum required DC-link voltage,
the VSCF system is able to meet the MIL-STD-704F AC voltage transient limits and
recovery time as shown in Fig. 3.12 (b). As per Fig. 3.10(c), for a 80kVA VSCF system, a
DC-link capacitance value of 400 uF (five times lower than actual value of 2000uF) is only
required, however, it is relatively much higher (approx. 8 times) compared to DC-link
capacitance to satisfy stability requirements. Moreover, the rate of change of DC-link
voltage during transient step load operation is still very high and it may trigger the over
voltage and under voltage protection of the PEC. Thus, the 400uF DC-link capacitance for
an 80kVA VSCEF system is still not an attractive size reduction and hence the objective is
to further reduce the DC-link capacitance by using the proposed control improvement on

the four-leg inverter control.

3.5.2 Proposed AIVR algorithm for four-leg inverter control

In this proposed Adaptive Inverter Voltage Reference (AIVR) algorithm, the output
voltage reference to the inverter control is adaptively adjusted based on rate of change of
instantaneous inverter output power and the required transient AC output voltage limits
based on MIL-STD-704F. During transient step load conditions, the rate of change of
inverter output power is measured to determine the amount of voltage change (AV) needed

at the inverter output voltage as

Vout—ref—total = Vout—rer + AV. (3.4)
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The change in inverter output voltage reference helps to reduce or increase the
inverter output voltage during transient step load conditions to limit the rate of change of
power at the DC-link. As a result, it limits the magnitude of the rate of change of DC-link
voltage during transient conditions and thereby reduces the amount of capacitance required
at the DC-link. The amount of voltage change (AV) calculated by the AIVR is based on the
transient output voltage specification of the inverter. For DC-link based VSCF system used
in aerospace applications, the transient AC output voltage limits are based on MIL-STD-
704F as shown in Fig. 3.4. For four-leg inverter with DQO axes control as shown in Fig.

3.11, the inverter output voltage reference is calculated in d-axis reference as
Vd—ref—tota = Vd—ref + AVd—refr (3.5)

where Va.rer 1s calculated based on the rated output voltage of the inverter ( Varer = V2 *
Vout-ph-rm) and AV aer is calculated based on transient AC output voltage limits from MIL-

STD704F and the rate of change of inverter output power, given as

APo+ Piin
I( — [P s (Voueer = Voutomin) * V2 = fOT Puax > APy > Pruiy

Pmax

AVy_yer = 0 : for Py > AP, > —Puin, (3.6)

k+ [M] * (Vout—max - Vout—r ) * \/? : fOT _Pmax < APO < _Pmin

Pmax

where Vi —max and Vo t—mm  are the rms value of the maximum and minimum limits of
the inverter output voltage during transient operation which are extracted from MIL-STD-
704F. P, 1s the maximum output power rating of the inverter. APy, is the minimum rate
of change of output power required to enable the AV4.r calculation. A typical value of

APy 15 10% of the Py gy
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Fig. 3.13 (a) shows the flowchart of the AIVR algorithm. It can be seen from the

flowchart that once the A4Va.r is calculated and added to the Vi,r, the current value of

AVarer 1s reduced or increased to zero with the ramp rate that matches with the recovery

time of AC voltage transient limits from MIL-STD704F (80mS).

Table 3.3: Calculation of AVd-ref for 80KVA VSCF system at different step loads.

(2)

AP, Virer AVaref Vi-ref-total Constant values
< —
SKW 162.6V 0V 162.6V P — SV
-35kW 162.6V 45.96V 208.5V Py = SOKWV
3SkW 162.6V -24.24V 137.8V Voutmax = 180V ms
75kW 162.6V -49.49V 113.1V Vout-min = 80V rms
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Fig. 3.13: AIVR algorithm for four-leg inverter control: (a) Flowchart of the AIVR
algorithm; (b) Four-leg inverter control DQO axes voltages during 80kW &

40kW step load.

For the 80kVA VSCF system under study, the calculation of AV e and Viretomi

for different 4P, during transient step load conditions are listed in Table 3.3. Fig. 3.13 (b)

5
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shows the d-axis controller response of the four-leg inverter side control of the VSCF
system with the proposed AIVR algorithm. It can be seen that the 4V for different step
loads are calculated and reduced or increased back to zero with the recovery time of ~80ms
which is extracted from transient voltage limits. It also shows that the inverter d-axis

voltage meets the MIL-STD-704F transient specification.
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600 - Step load 80 kW, :
lied
apf * Vdc-ref= 540V
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0+ —‘ DC bus Voltage l‘leference (Vdc—ref) 200 _‘ DCbus Voltage Ref‘erence (Vde-ref)
0.20 0.25 0.30 0.40 0.45
Time in Secs Time in Secs

Fig. 3.14: (a) DC-link voltage of the VSCF system during step load 80kW with proposed
control improvements on both four-leg inverter and BSG side with 100uF DC-
link capacitance.

3.6 Simulation and verification of the VSCF system with proposed control

improvements

The simulation results in Fig. 3.14 (a) and (b) show that the 80kVA VSCF system
is able to meet the MIL-STD-704F output transient specifications with a minimum DC-
link capacitance value of 100uF, using the proposed improvements in generator side and
four-leg converter controls. It can be noted from Fig. 3.14 (a) that the rate of change of

DC-link voltage has reduced significantly for 80kW step load. Moreover, the minimum
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DC-link voltage value during transient step load is well above the minimum DC-link

voltage required to meet the transient specifications.

Similarly, the minimum d-axis voltage during transient step load is also above the

minimum d-axis voltage limit to meet the transient requirements, as shown in Fig 3.14 (b)

Hence, the proposed control improvements help to reduce the DC-link capacitance value
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Fig. 3.14: (b) Four-leg inverter DQO axes voltages of the VSCF system during step load
80kW with proposed control improvements on both four-leg inverter and BSG

side with 100uF DC-link capacitance.
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in the VSCF system from 2000uF to 100uF at rated speed and power condition and still be

able to meet the MIL-STD-704F transient specification.

Hardware in Loop (HIL)
Microgrid Testbed

TI-DSP
TMS320F28335 based

Controller board for HIL -1

(For BSG, DC chopper and its conu-oy

TI-DSP X
TMS320F28335 based
Controller board for HIL -2

(For Four-leg inverter and its control

PC running
TI -Code composer Studio

X (CCS) and

Typhoon HIL Scada

Fig. 3.15: C-HILrtres‘t set up.
3.7 Controller hardware-in-loop (C-HIL) real-time testing of an 80kVA
VSCEF system

Fig. 3.15 shows the experimental test set up of the real-time C-HIL testing of the
80kVA VF BSG based DRI-VSCF system. The C-HIL test setup consists of Typhoon-HIL

Microgrid testbed and Texas Instruments (TI) TMS320F28335 Digital Signal Processor

(DSP) based control boards. In Typhoon HIL Microgrid testbed, two HIL-604 emulators
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such as HIL1 and HIL2 are used and they are paralleled using high-speed serial
communication. The BSG side circuits of the VSCF system such as BSG (PMG, Exciter
SG, and Main SG), two-quadrant DC chopper, main 3phase diode rectifier, and DC-link
capacitance are modeled in HIL1. The AC output side circuits such as four-leg inverter,
sinewave LC filer, long cable, and the loads are modeled in HIL2.

The specification of the 80kVA VSCF system studied in this paper is based on BSG
parameters from Table 2.1 in chapter 2 and four-leg inverter specification from Table 3.4.
The electrical machines such as exciter SG and main SG are chosen as non-linear machines
and used with DQ-axis currents vs magnetizing inductance values obtained from an 80kVA

Table 3.4: Specifications of the PECs.

Description Values
IDC-link capacitance frgg?g\igénﬁthout control
IDC-link Voltage 540V
IAC Output Voltage (Phase RMS) 115V
Output frequency “400Hz
Switching carrier frequency “0kHz
Output Power 80kVA (0.8 to 1.0 pf)
Output filter type (star connected C) LC (cut-off 4kHz)
Load side cable - phase resistance (R) 10 mQ
Load side cable - phase inductance (L) 3.5 uH
Load side cable - neutral wire resistance (R _N) 7.8 mQ
Load side cable - neutral wire inductance (L N) 2.5 uH
Load (Balanced & Unbalanced) Max: 80kW
Output connection type Bphase, 4 wire
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Exiter machine D-axis magnetizing inductance LmD-ex

Main machine D-axis magnetizing inductance LmD-mn
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~
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Exiter machine Q-axis magnetizing inductance LmQ-ex
Q g J Q Main machine Q-axis magnetizing inductance LmQ-mn
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600
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1d (A) b Iq (A) 1d (A) 000 o 200 aA)

(a) (b)
Fig. 3.16: DQ-axis currents vs magnetizing inductance: (a) Exciter SG; (b) Main SG.
BSG used in aircraft VSCF backup power generation as shown in Fig. 3.16 (a) and (b).
Each HIL-604 is connected to its dedicated DSP control board (DSP1 & DSP2).

The control of DC-link voltage regulation, the exciter SG field current control based
on two-quadrant DC chopper, and the proposed feedforward DC chopper control
improvements are implemented in DSP1. The control of the four-leg inverter and the
proposed AIVR control improvement are implemented in DSP2.Each DSP is
independently controlled without any intercommunication to maintain decentralized
control strategy for the VSCF system. In both DSPs, the control algorithms are
implemented with a maximum frequency of 25 kHz is used for feedback signal sampling,
current control processing, PWM generation, and switching carrier frequency. The voltage
controls, feedforward compensation, and AIVR algorithm are implemented with a
maximum processing frequency of 5 kHz. The total DSP bandwidth utilization is less than

75% for both DSPs.
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Fig. 3.17 (a) and (b) show the C-HIL test results of the 80kVA VSCF system during
80kW step load with 50uF DC-link capacitance with the conventional control method.
Without any control improvements for the VSCF system, it can be seen from Fig. 3.17 (a)
that the DC-link voltage becomes unstable due to the effects of four-leg inverter side faster
dynamics. Hence the DC-link voltage is not able to reach the steady-state when 80kW step
load is applied. As a result, the inverter output voltage becomes unstable and not able to
meet the MIL standard voltage specifications.

Fig. 3.18 (a) and (b) show that the VSCF system is able to meet the MIL-STD-
704F inverter output voltage magnitude limits using a higher DC-link capacitance value of
2000 pF. For 2000uF DC-link capacitance, the DC-link voltage still has a very high rate of
change of voltage during the 80kW step load. Furthermore, the settling time of the inverter
D-axis output voltage takes around 400uS due to the high value of DC-link capacitance
and slow dynamics of the three-stage BSG and its control.

Table 3.5: DC-link capacitance value for an 80kVA VSCF system with and without
control improvements.

DC-link capacitance Reduction from
VSCEF control methods required to meet MIL- conventional control
STD-704F method

Conventlonal control method without any 20004F N/A
improvements

Proposed BSG side feedforward control 400uF 80%
improvements

Proposed BSG side feedforward control and R

four-leg inverter AIVR LS =
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Fig. 3.17: Transient response of the VSCF system with S0uF DC-link capacitance for step
load 80kW without control improvements: (a) DC-link voltage; (b) Four-leg
inverter DQO axes voltages.
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Fig. 3.18: Transient response of the VSCF system with 2000uF DC-link capacitance for
80kW step load without control improvements: (a) DC-link voltage; (b) Four-leg
inverter DQO axes voltages.
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Fig. 3.19 and 3.20 show the C-HIL test results of the 80kVA VSCF system during
80kW with only 100uF DC-link capacitance and with proposed control improvements such
as BSG side feedforward control improvements and the AIVR algorithm for the four-leg
inverter control, respectively. It can be seen form Fig. 3.19 (a) and 3.20 (a) that the DC-
link voltage is very stable during both 80kW step load applied and removed.

Moreover, the rate of change of DC-link voltage during step load has reduced
significantly. Hence, it verifies that the four-leg inverter output voltage is able to meet
MIL-STD-704F transient voltage specification as shown in Fig 3.19 (b) and 3.20 (b). It
also verifies that the proposed control improvements help to reduce the DC-link
capacitance in the VSCF system by 95% when compared to the conventional control

method as tabulated in Table 3.5.
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Fig. 3.20: Transient response of the VSCF system for 100uF DC-link capacitance with
proposed improvements on both four-leg inverter and BSG side controls when
80kW step load is removed : (a) DC-link voltage; (b) Four-leg inverter DQO axes
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3.8 Summary

In this chapter, novel control strategies to minimize the DC-link capacitance in a
BSG based diode rectifier-inverter VSCF system are proposed for MEA applications. An
output power based feedforward field current reference for BSG is proposed to improve
the transient response of the DC-link voltage regulation. In order to meet the transient
switching load specifications at the inverter output as per MIL standards, the output voltage
reference of the four-leg inverter control is adaptively modified based on the rate of change
of inverter output power during step load conditions. In order to match the fast dynamic
voltage control of inverter with the slow inertial dynamics of the BSG, the inverter output
voltage reference is modified within the permissible limits specified in the MIL-STD-704F
to limit the amount of energy required from or observed to the DC-link during step load
conditions. As a result, the amount of DC-link capacitance required in the VSCF system is
reduced. The proposed control strategies enable to significantly reduce (about 95%) the
DC-link capacitance value of the VSCF system used in the aircraft. The output of the four-
leg inverter in the VSCF system is able to meet the MIL-STD-704F transient voltage

specifications for step load conditions at rated power.

3.9 Publications

1. G. Selvaraj, K. R. Ramachandran Potti, K. Rajashekara, "An Enhanced Controller for
Four Leg Inverter-Fed Loads in an Aircraft Power System," in Proc. IEEE APEC,

June 2021.

67



2.

G. Selvaraj, K. Rajashekara, K. R. Ramachandran Potti, "Minimization of DC-link
Capacitance for a DC-link Based Variable Speed Constant Frequency Aircraft Power
System," in Proc. IEEE ECCE, Oct 2021.

G. Selvaraj, K. Rajashekara, K. R. Ramachandran Potti, "Minimization of DC-link
Capacitance for a DC-link Based Variable Speed Constant Frequency Aircraft Power

System," IEEE Trans. on Ind. Appl., 2021 [under review].

68



CHAPTER 4

CONTROL STRATEGY FOR A BRUSHLESS SYNCHRONOUS
GENERATOR BASED ACTIVE RECTIFIER REGULATED DC

POWER SYSTEM WITH MINIMAL DC-LINK CAPACITANCE

In this chapter, control improvements to minimize the DC-link capacitance in a
BSG based active rectifier regulated aircraft DC power system are proposed. The active
rectifier regulates the DC-link voltage, achieves unity power factor (UPF), and low Total
Harmonic Distortion (THD) current at the BSG output. The improved excitation control of
BSG aids during transient load conditions to meet MIL-STD-704F transient specifications
at the active rectifier output of +/-270V DC with reduced DC-link capacitance. The field
optimization technique helps to maintain UPF operation at the BSG output during steady-
state operation. The proposed strategy is modeled and verified for a 25kW DC power
system using Controller Hardware-in-loop (C-HIL) testing and results show that the
proposed strategy helps to achieve a fast transient response to meet MIL-STD-704F with

minimal DC-link capacitance.

4.1 Introduction

In MEA such as Boeing 787, the EPS follows two primary power distribution methods: 1)

Variable Frequency (VF) 360-800Hz 115/230V AC, and 2) +/-270V DC.

1© 2021 IEEE. Portions Adapted, with permission, from G. Selvaraj, K. R. Ramachandran Potti, S.
R. P. Reddy, and K. Rajashekara, "Control Strategy for a Brushless Synchronous Generator based Active
Rectifier regulated DC Power System with minimal DC-link capacitance for More Electric Aircraft,” in Proc.
IEEE COMPEL, Nov 2021.
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Aircraft Engine Generator rectifier
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Driven by
Aircraft
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Fig. 4.1: Block diagram of a Brushless SG based Active rectifier regulated aircraft DC
power system.

In recent years, the DC power distribution (+/-270V) is becoming more popular and
increasingly considered due to its reduced losses and weight reduction as compared to
traditional AC power distribution. The +/-270V DC is obtained by converting the VF AC
from the generator into DC using Transformer Rectifier Unit (TRU) and Auto Transformer
Rectifier Unit (ATRU) [2]-[4], [9], [20], [44]. The main disadvantages of TRU and ATRU
are, high THD in current for low input frequency, inability to achieve unity power factor
(UPF), and extra space/weight consumption by the transformers [45], [46]. To overcome
the power quality challenges such as high THD in current and UPF operation, an active
power filter (APF) is considered along with TRU or ATRU to meet 5% THD in current
and to achieve UPF operation [47], [48]. However, the APF comes as an additional unit
and increases the weight and space consumption in the aircraft.

The recent advancements in power electronics and the increased reliability of power
switches make the active rectifier a more reliable and an excellent option to handle power
quality issues. Moreover, the active rectifier replaces the TRU or ATRU and connects
directly to the VF BSG to regulate the DC-link voltage during generator mode and acts as

an inverter during starter mode [2]. Though the active rectifier helps to solve the power
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quality issues, the weight and space consumption of the active rectifier is higher when
compared to the diode bridge rectifier (DBR) unit, due to the usage of switching transistors,
gate drivers, controller, capacitors,etc. In addition, the DC loads are connected to the +/-
270V DC bus using bulky DC-link capacitor banks. These DC-link capacitors along with
the active rectifier increases the total volume of the PEC. Hence, in this chapter, control
improvements for reducing the DC-link capacitance and to improve power quality in a VF
BSG based active rectifier regulated DC power system as shown in Fig. 4.1 are
investigated.

For an active rectifier based DC power system, several control methods are
presented in the literature to minimize the DC-link capacitance [24]—[26]. In [24], a DC-
link capacitor current control is proposed to reduce the capacitor current during load change
to reduce the DC-link capacitance requirement. In [25], an output power based feedforward
controller for the DC-link voltage control loop is proposed. A feedback linearizing control
for PWM rectifier- inverter motor drive system is proposed in [26]. These methods are
generally effective for Utility applications where the grid is sufficiently a stiff source and
supports faster dynamics at the output. However, these methods are not effective for
aircraft applications, where the source is a generator and the dynamics are dependent on
the transient response of the generator control. In [41], an output power based feedforward
exciter current controller for a BSG based DC system using DBR is proposed to minimize
the DC-link capacitance to 600uF for a 5S0kW DC power system for BSG speed of
14000rpm.

In this chapter, a lookup table based feedforward controller for VF BSG side exciter

control along with the field oriented control (FOC) based DC-link voltage regulation is
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proposed for the BSG based active rectifier regulated DC power system. In addition, a field
optimization technique is proposed to maintain UPF during steady-state operation. In the
proposed method, the feed-forward control improvements help the active rectifier side
control during step load conditions to achieve faster transient response at the DC-link to
meet the MIL-STD-704F transient voltage limits with a minimal DC-link capacitance value
[23]. The proposed control is modeled and implemented for a 25kW DC power system and
validated through real-time Controller Hardware-in-loop (C-HIL) testing using Typhoon
HIL system. The results show that the control improvements help to achieve fast transient
response at the DC-link for step load changes, to meet MIL-STD-704F transient voltage

specification with only 200uF DC-link capacitance.

4.2 Control of VF BSG based active rectifier regulated DC power system

Fig. 4.2 shows the control block diagram of the BSG based active rectifier regulated
aircraft DC power system. The BSG exciter field current control is employed through a
two-quadrant DC chopper [41]. The exciter field current reference is given based on the
speed of the BSG. In the active rectifier side control, the DC-link voltage regulation is
achieved by using dual-loop cascaded direct (D) and quadrature (Q) axis field oriented
control (FOC) of the BSG in the synchronously rotating reference frame (Syn-RF) [49]-
[52]. In the inner current loops, the D-axis and Q-axis current controllers regulate the flux
and torque of the BSG respectively. In the outer voltage loop, the DC-link voltage control
provides Q-axis current reference (a proportional torque reference) to the inner loop Q-axis
current control. The speed of the BSG is sensed using a speed encoder to find the angle for

the Syn-RF transformations. The control methods for BSG and active rectifier are
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Fig. 4.2: Control block diagram of BSG based active rectifier regulated aircraft DC power
system.

Typhon

Hardware in Loop (HIL)
Microgrid Testbed =
x PC running
\ TI -Code composer Studio
(CCS) and
TI-DSP Typhoon HIL Scada
TMS320F28335 based

Controller board

Oscilloscope
Capturing waveforms
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independently implemented in two Texas Instruments DSP TMS320F28335 for a 25kW
DC system and performed C-HIL simulations as shown in Fig. 4.3. The PI controller gains
selected for the active rectifier and excitation control are: a) In outer voltage loop of active
rectifier: Kp =2, and Ki = 0.5; b) In inner current loop (DQ) of active rectifier: Kp =10,
and Ki = 450 (based on BSG time constant); ¢) In exciter field current control: Kp = 20
and Ki = 455. The DC-link capacitance value chosen for the 25kW DC system is 600uF
for BSG speed 7000rpm, which is based on a BSG based DC system using DBR with
control improvements for reduced DC-link capacitance [41]. The BSG parameters used in
C-HIL testing are adapted from chapter 2, table 2.1. The C-HIL test results for the BSG
based active rectifier regulated DC power system with 600uF DC-link capacitor are shown
in Fig. 4.4 (a) and (b) for the speed 7000rpm with a rated power of 25kW step load. Fig.
4.4 (c) shows the steady-state generated EMF, terminal voltage, and output current of the
BSG during 25kW rated load at 7000rpm. It can be seen from Fig. 4.4 (a) and (b) that the
DC-link voltage is regulated at 270V and the transient response shows that the DC-link
voltage is able to successfully recover back to 270V during the step load conditions.

The results also show that, during transient step load conditions, the rate of change
of DC-link voltage during transient step load is higher and the recovery time is slower than
the required MIL-STD-704F [23]. As a result, the 270V DC system is not able to meet
MIL-STD-704F transient voltage specifications. Hence, the control of the BSG based
active rectifier regulated DC power system does not work effectively in meeting the
transient voltage limits with 600uF DC-link capacitance. Fig. 4.4 (c¢) shows that the BSG

is operating in a leading PF when the BSG is controlled in rotor FOC. This is mainly
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Fig. 4.4: C-HIL simulation results for speed 7000rpm without control improvements: a)
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4.2.1 Phasor analysis of the BSG during steady state operation
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Q-axis equivalent circuit

Fig. 4.5: DQ-axis equivalent circuit model of the SG.

because the active rectifier controls the Q-axis current of the BSG to supply DC power to
the loads at the DC-link and maintains zero D-axis current due to the availability of a
seperately excited field in the BSG.

The steady state phasor analysis of the BSG when controlled in FOC mode and the
leading PF operation of the BSG are discussed in this subsection. Fig. 4.5 shows the DQ-
axis equivalent circuit model of the SG. Based on the DQ-axis equivalent circuit model,

the steady state DQ-axis terminal voltages of the SG are derived as [53]
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VD = _ED - Rle, (41)

Vo= Eq—Rsly (4.2)
Ep = wly, (4.3)
Eq = wlp, (4.4)
Ap = —Lsplp + Lyplrp, (4.5)
and
Ao = —Lsgig, (4.6)

where I and I, are the DQ axis currents; Ep and Epare the DQ axis generated voltages;
Ipp is the field winding current; Ap and A, are the DQ axis fluxes; Lgp and Lg, are the

DQ axis stator inductances; w is the angular velocity of the SG.

Based on equations (4.5) and (4.6), the steady state phasor diagram of the BSG is
drawn for the case when BSG is operated in FOC mode, which is shown in Fig. 4.6. It can
be seen from the phasor diagram, in FOC of BSG, Ip is maintained zero (Ip = 0) due to the
presence of the seperately excited Irp in the BSG. As a result, the output current (Is)
becomes inphase with Iq and Eq and consequently, the output current (Is) leads its output
terminal voltage (Vs). Hence it verifies that the BSG is operated in leading power factor
when Ip = 0, as observed in Fig 4.4 (¢).

In order to achieve UPF during steady state operation, the Ip and Irp of the BSG
need to be optimized. Hence, based on the steady state response shown in Fig. 4.4 and the

steady state phasor diagram of the BSG shown in Fig. 4.6, it is very clear that the control
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Fig. 4.6: Steady-state phasor diagram during FOC of Main SG when Ip is maintained zero.

of BSG based active rectifier regulated DC system needs control improvements to be able
to achieve the objectives of this chapter such as:

1) Meet MIL-STD-704F transient voltage specifications;

2) Minimize the DC-link capacitance value;

3) Achieve UPF operation.

In this chapter, feedforward control improvements and a field optimization

technique are proposed to overcome these slow transient response and power quality issues,
and at the same time to reduce the DC-link capacitance required in the system. The

proposed control improvements are explained in section 4.3.

4.3 Proposed control improvements for BSG based active rectifier
regulated DC power system

Fig. 4.7 shows the control block diagram of the proposed feedforward control
improvements and field optimization for the BSG based active rectifier regulated aircraft

DC system. In order to meet the MIL-STD-704F transient voltage specifications at the DC-

link with minimal DC-link capacitance and to maintain UPF operation, the BSG exciter
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Fig. 4.7:

field control is introduced with the proposed control method which is a combination of
three techniques:

1) Feedforward field current reference ( lookup table) to the exciter SG field

current control based on the Q-axis current of the main SG.
2) Feedforward steady-state duty cycle to the DC chopper.

3) Optimization of exciter field current and D-axis current of the BSG based

on power factor and Q-axis current requirement.

Table 4.1 shows the feedforward exciter field current reference lookup table of the
BSG. The lookup table values are obtained from the field/lab test data of the BSG during
steady-state operation under different loads and speed conditions. During transient step

load conditions at the DC-link, the field current reference value from the lookup table is
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used in conjunction with a slow acting PI controller to provide a combined filed current

reference to the exciter field current control of the DC chopper.

The feedforward lookup table provides an instantaneous field current reference
required to improve the transient response at the DC-link. Moreover, the feedforward
steady-state duty cycle of the two-quadrant DC chopper is adapted from chapter 2,
equation (2.2) to provide duty cycle compensation needed for the DC chopper for the

change in the input voltage of the two-quadrant DC chopper [41].

Table 4.1: Feedforward field current reference Lookup table of Exciter SG (in per-unit).

Q axis current in P.U

0 0.2 0.4 0.6 0.8 1
7000 2.1 2.4 2.7 3 33 3.6
8000 1.9 2.2 2.5 2.8 3.1 34
E 9000 1.7 2 2.3 2.6 2.9 3.2

Qé 10000 1.5 1.8 2.1 2.4 2.7 3
% 11000 1.3 1.6 1.9 2.2 2.5 2.8
% 12000 1.1 1.4 1.7 2 2.3 2.6
13000 0.9 1.2 1.5 1.8 2.1 2.4
14000 0.7 1 1.3 1.6 1.9 2.2

To achieve UPF operation during steady-state operating conditions (for load power
above 10% of the rated load power at the DC-link), the D-axis current reference to the
active rectifier FOC and the exciter SG field current reference are optimized based on
power factor. Fig. 4.8 (a) and (b) show the C-HIL test results of the DC-link voltage
regulation of BSG based active rectifier regulated DC system during 25kW step load at
7000rpm, with only 200uF DC-link capacitance with proposed control improvements. It
can be seen from Fig. 4.8 (a) and (b) that the proposed control improvements enable faster
transient response at the DC-link. The DC-link voltage recovery time during transients step
load has reduced significantly to less than “~30mSec” which is more than 15 times faster

than the transient step load response without any control improvements.
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Fig. 4.8: C-HIL simulation results for speed 7000rpm with proposed improvements: a) DC-
link voltage regulation when 25kW step load is applied; b) DC-link voltage
regulation when 25kW step load is removed.
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Fig. 4.9: Generated EMF, terminal voltage, and output current of BSG during steady-state
operation with UPF for 25kW load at speed 7000rpm with proposed control
improvements.

Fig. 4.9 shows the steady-state terminal voltage, generated EMF, and output current
of the BSG with the proposed D-axis current and exciter field current reference
optimization, maintaining UPF operation for 25kW rated load at 7000rpm. As per the
steady-state phasor diagram of the BSG in active rectifier FOC, as shown in Fig. 4.10, a
positive value of D-axis current is optimized based on Iq and Irp to achieve UPF operation.
In summary, based on C-HIL test results shown in Fig. 4.8 and 4.9, it can be seen that the
proposed control improvements have significantly reduced the DC-link capacitance value
from 600uF to 200uF. The most significant result is that the BSG based active rectifier
regulated +/-270V DC power system is able to meet MIL-STD-704F transient voltage
specifications at the DC-link during transient step load (25kW) conditions with the
minimized 200pF DC-link capacitance and maintaining UPF at the BSG output terminals

during steady-state operating conditions.
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Fig. 4.10: Steady-state phasor diagram during FOC of Main SG when Ip is positive.

4.4 Summary

In this chapter, control improvements for BSG based active rectifier regulated
aircraft DC power systems to minimize the DC-link capacitance required in the system and
to improve transient response at the DC-link are proposed and validated through modeling
and real-time C-HIL simulation. A field optimization technique is introduced to achieve
UPF operation at the BSG output terminals. The C-HIL test results with the proposed
control improvements at a speed of 7000rpm with 25kW step load, with only 200uF DC-
link capacitance, are presented in this chapter. The real time simulation results obtained
verify that the controller meets the MIL-STD-704F transient voltage specifications at the

DC-link and at the same time maintains UPF at the BSG output terminals.
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CHAPTER S

EMI FILTER DESIGN FOR POWER ELECTRONICS CONVERTERS IN

AIRCRAFT AC AND DC POWER SYSTEMS

5.1 Introduction

In aircraft EPS, the conducted Electro-Magnetic Interference (EMI) suppression is
one of the critical requirements to keep the aircraft electrical and electronic equipment from
malfunctioning due to the unwanted EMI from the surrounding equipment through
conduction wires. The conducted EMI noises are high frequency signals generated in the
electrical equipment such as switching PECs, electronic circuits, transformers , inductors,
capacitors, etc. and create magnetic field that can interfere with the operation of
surrounding electrical and electronic equipment in the EPS [54]. These conducted EMI
noises have to be attenuated with in the permissible limits in the aircraft EPS using EMI
filters. The main function of the EMI filter is to attenuate the EMI noise signals that flow
from or to the line supply or load of the aircraft electrical and electronic equipment. In
aircraft applications, the EMI and Electromagnetic compatibility (EMC) standards such as
MIL-461G, and Radio Technical Commission for Aeronautics (RTCA) DO-160G are the
most widely followed standards internationally to meet the unique requirements for
military and civil aircraft respectively [54]. Fig. 5.1 shows the RTCA/DO-160G permitted
EMI noise level for different categories of the aircraft system. As shown in Fig. 5.1, the
DO-160G requires the Radio Frequency (RF) conducted EMI to be attenuated in the

frequency range from 150kHz to 152MHz [55].
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Fig. 5.1: RTCA/DO-160G: Standard test conditions for avionics electronic hardware in
airborne systems.

In modern aircraft EPS, due to the increased usage of high power switching PECs
with PWM and high switching frequency operation, the conducted EMI suppression
becomes more challenging. Particularly, when the PECs are designed with high frequency
digital control with tightly designed passive components such as DC-link capacitance to
reduce the size of the PECs, the inclusion of EMI filters need to effectively attenuate the
EMI without causing any negative effects in the normal operation of the PECs. Hence,
when EMI filters are designed to attenuate the conducted EMI for PECs that use minimized
DC-link capacitance, the effects of EMI filter in the control performance of the PECs need
to be studied. Since the inclusion of EMI filter can modify the system equivalent circuit,
the control performance of the PECs will be affected.

In this chapter, the EMI filter design for meeting the EMI/EMC requirements of the
RTCA/DO-160G in civil aircraft for different PEC based AC and DC systems are studied.
In addition, the performance of BSG based DRI regulated VSCF system using minimized

DC-link capacitor that was introduced in chapter 3 is evaluated with and without the
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inclusion of EMI filter. The effects of EMI filter on the control performance of the VSCF
system are validated using C-HIL testing and the results show that the inclusion of EMI

filter significantly affects the VSCF system stability during transient step load conditions.

5.2 Conducted EMI

In aircraft EPS, one of the ways the conducted EMI noises generate is due to the
presence of switching PECs. The switching action in the PEC creates high frequency
discontinuous currents at the input & output side of the PEC which creates voltage ripples
and these voltage ripples conducted to other systems through physical contact of the
conductors. The conducted EMI noise can be categorized in to two, they are:

1. Common mode (CM) noise

2. Differential mode (DM) noise

5.2.1 Common mode (CM) noise

Noise current
<-nn e <-n <«=m-

Load/Source
i
1
i
!
l_in
i
i
1
i
i
1
Converter

A Noise current

Fig. 5.2: Common mode noise in the PEC system that flows from converter to load/source.

The CM noise in the system is typically seen as the voltage difference between line
and ground and it is mainly due to capacitive coupling in the system. The CM noise is

common to all the lines with respect to ground and the noise current flows from the line to
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Fig. 5.3: LC common mode noise filter configuration.

_|

ground in the same direction as shown in Fig. 5.2. The average value of CM noise voltage

magnitude can be expressed as

Ve = (VLINEl"Z' VLINEZ), (5.1)

where Vimer and V0ing: are the noise voltage magnitude of two lines with respect to
ground. The CM noise in the system can be attenuated by using CM EMI filter [56]. Fig.
5.3 shows the LC CM noise filter configuration with CM inductance (Lcm) and capacitance
(Cemor Y capacitor). The Y capacitor (Ccm) value is limited to 4700Pf to limit the current
flow to be less than 0.5mA to avoid the risk of electric shock. The Lcwm is connected in
series with the equipment so the value has to be chosen such that it carries the line/load
current of the equipment. The typical design involves merging the two line Lcwm into one to
reduce the sizing of the filter. The Lcm and Com values are calculated from filter corner

frequency as

1

Lew = Garo can (5-2)

where f; is the filter corner frequency which is calculated based on the order of the filter.
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5.2.3 Differential mode noise

l_
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Fig. 5.4: Differential mode noise in the PEC system that flows from converter to
load/source.

The DM noise in the system is typically seen as the voltage difference between two
power lines or between line to return line or neutral. The DM noise is differential with
respect to its return line or neutral. The DM noise current flows from the noise source
through a line and returns back through the return line or neutral as shown in Fig. 5.4. The

average value of DM noise voltage magnitude can be expressed as

Vou = (VLINE1_2 VLINE )' (5.3)

The DM noise in the system can be attenuated by using DM EMI filter. Fig. 5.5 shows the
LC DM noise filter configuration with DM inductance (Lpm) and capacitance (Cpwm or X
capacitor). The typical design of DM filter involves merging the DM filter into CM to
reduce the size and at the same time to use the leakage inductance of the combined CM
DM inductance as the equivalent value of Lpm [56]. Once the Lpm value and the f. are

known, the value of X capacitor (Cpm) can be calculated from

1
T @nfo)? Com’

Lpum (5.4)
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Fig. 5.5: LC differential mode noise filter configuration.
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Fig. 5.6: Corner (fc) and cut-off (f1) frequency for a first order CM and DM filter with
attenuation rate 40dB/decade for the required attenuation of Argg.

The corner frequency of the CM and DM filter for a 40dB/decade attenuation can be

calculated as

—AREQ

fecmorpm = f1 ¥ 10 aon (5.5)

where f1 is the filter cut-off frequency, Areq is the required attenuation in dB and N is the
order of the filter as shown in Fig. 5.6. The required attenuation Argq of the EMI filter can

be expressed as

AReqQ_cm/pM (dB) = Vem/om (dB) — Vimir_cm/pm (dB) + 3dB. (5.6)
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For example, if the Vempwm is 100dB, in order to meet DO-160G standard, the Vit is
73dB at 150kHz so that the required attenuation Argq of the EMI filter is 33dB which is

calculated based on 5.6.

Differential Mode

Common Mode
current

current

Fig. 5.7: Toroidal inductor core for both CM and DM Filter.

5.3 Combined CM and DM EMI filter

In order to reduce the size of the CM and DM EMI filter, a typical design method
is to use the hybrid EMI filter which is a combination of both CM and DM EMI filter
together. To realize a combined CM and DM filter, toroidal inductor core as shown in Fig.
5.7 is preferred. It can be seen from Fig. 5.7 that the CM and DM noise currents both flow
in the same toroid. The equivalent Lcwm of the toroid becomes 1/4™ the total inductance of
the toroid (Ltortar). This is mainly because the CM noise signal flows in the same direction
in both the lines in toroid winding as shown in Fig. 5.7, which makes the inductance value
squared in both lines. On the other hand, the equivalent Lpwm of the toroid becomes twice
the total leakage inductance of the toroid (LLeak). This is mainly due to the flow of DM
noise in opposite direction in the toroid windings as shown in Fig. 5.7, which makes the
total differential inductance cancel each other and left with only leakage inductances in the
two lines. Fig. 5.8 (a) and (b) shows the equivalent circuit of the EMI filter using toroidal

core€.
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Fig. 5.8: Equivalent circuit of the toroidal core EMI: (a) CM filter; (b) DM filter.
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Fig. 5.9: Complete CM and DM EMI filter using toroidal core and XY capacitors.

Based on the equivalent circuit from Fig. 5.8, the LtorarL and Lcwm can be expressed as

1
(21 fe)? 2+Cppy’

LroraL = (5.7)

and

Loy = —120L (5.8)
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In toroid core, Lieak is approximately 1% of the LtorarL. Hence Lpm can be expressed as

Lpm = 2% Ligak- (5.9)
5.4 EMI filter design for PECs in BSG based aircraft EPS

In this section, the EMI filter design for BSG based PEC regulated AC and DC
systems are explained. The CM and DM EMI filters are designed for switching PECs such

as two-quadrant DC chopper, diode rectifier, active rectifier and four-leg inverter.

Measure CM and DM noise magnitude using LISN
(Vem & Vo)

Calculate the required attenuation for both CM and DM filters
(AreQ)

Calculate X capacitance value (Ccy) based on maximum allowable
current of 0.5mA for rated voltage and operating frequency (AC
circuit)/switching ripple frequency (DC circuit)

Y

Calculate corner freq. (f. cmpm) based on required attenuation
(Argq) using equation 5.5

Calculate Lrorar and Loy using f; cyand Cey using equation 5.2

Y

Calculate Ligax and Lpy from Lrorar
For toroid core, Ly pax = 1% of LtoraL

Calculate Cpy using f; pm and Lpy with the help of equation 5.4

( Stop )

Fig. 5.10: EMI filter design procedure.

92



Table 5.1: EMI filter values for different PECs in the BSG based AC and DC systems

EMI filter design values

for two-quadrant | for main diode for active for four-leg
SINO Description DC chopper at rectiﬁgr at DC- recti.ﬁer at inverter
DC output: link: DC-link: for output: for
for converter in for converter in converter in converter in
chapter 2,3 & 4 chapter 2 & 3 chapter 4 chapter 3
1 F ?r“e‘iﬁl‘g;?;al N/A N/A N/A 400Hz
2 Rated voltage N/A 540 Vpc +/-270Vpc 115Vac
3 fi 150kHz 150kHz 150kHz 150kHz
4 Veum 92dB (Assumed) | 85dB (Assumed) ( As9s5uc:r]13e d) ( Asgs?gfe d)
5 Vom 90dB (Assumed) | 65dB (Assumed) ( As7s5uc:r]13e d) ( Afssuc:fe d)
6 Argq for CM 25dB 18dB 28dB 23dB
7 Aggq for DM 23dB 13dB 8dB 18dB
8 fe om 35.57kHz 53.22kHz 29.92kHz 39.91kHz
9 Cem 1.98nF 1.47nF 1.17nF 1.72nF
10 LTOTAL SmH 3.03mH 11mH 4.5mH
11 Lcm = Lrorar/4 1.2mH 0.75SmH 0.29mH 1.1mH
12 LLEAK: 1% OfLTOTAL SOHH 30}1H 120},lH 46HH
13 Lpm= 2% LLEak 101pH 30pH 120pH 46pH
14 fe pm 39.9kHz 70.9kHz 96.6kHz 53.2kHz
15 Com 0.15pF 82nF 11nF 97nF

Fig. 5.10 shows the flow chart of the EMI filter design procedure. It can be seen

from Fig. 5.10 that the CM and DM noise for the PECs are measured using Line Impedance

Simulation Network (LISN). Once the actual noise level is measured using LISN, the

required attenuation (Argq) and the EMI filter parameters such as fc cmpm, Ltotar, LLEAK,

Lcewm, Cem, Lbom, and Cpwm can be calculated based on the procedure from flowchart in Fig.

5.10. Table 5.1 shows the designed CM and DM filter values for different PECs in the

BSG based DC and AC systems from chapter 2, 3 and 4. The Vcm and Vpum values used in

this study are assumed values as shown in Table 5.1.
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5.5 The effects of EMI filter on the control performance of the BSG based

aircraft EPS

In aircraft EPS, EMI filters are used along with PECs to suppress the EMI with in
the permissible limits required by the EMI/EMC standards such as RTCA/DO-160G and
MIL-461G. In this chapter, the EMI filter design for different PECs in BSG based DC and
AC systems are discussed in the previous sections. In this section, the effects of EMI filters
on the control performance is discussed. For the purpose of this study, the BSG based DRI
regulated VSCF system is tested with and without the inclusion of EMI filters. The control
of VSCF system is adapted from chapter 3 which includes the BSG side DC-link voltage
regulation using two-quadrant DC chopper control and four-leg inverter side AC output
voltage control along with the combined control improvements from DC chopper and four-
leg inverter to achieve reduction in DC-link capacitance (100puF) and meeting the MIL-
STD-704F transient voltage specifications. The EMI filters are designed for DC chopper
output and four-leg inverter output as shown in Fig. 5.11. The values of EMI filter

components are tabulated in Table 5.1.
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Main Balanced &

;
i Permanent Magnet Exciter 3-phase N . H 3-phase Unbalanced
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Fig. 5.11: BSG based DRI regulated AC VSCF system along with EMI filters.
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Fig. 5.12: DC-link voltage regulation of BSG based DRI regulated AC VSCF system
during 80kW step load: (a) With EMI filters; (b) Without EMI filters.
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Fig. 5.13: DQO axes four-leg inverter output regulation of BSG based DRI regulated AC
VSCF system during 80kW step load: (a) With EMI filters; (b) Without EMI

filters.

Fig. 5.12 (a) and (b) show the comparison of transient response of the DC-link

voltage regulation for 80kW step load with and without EMI filters. Similarly, Fig. 5.13

(a) and (b) show the comparison of transient response of the DQO axes inverter output

voltage regulation for 80kW step load with and without EMI filters. It can be seen from

Fig. 5.12 and 5.13 that the inclusion of EMI filters in the VSCF system alters the control
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performance and make the DC-link voltage unstable when the step load is applied. In
addition, the rate of change of DC-link voltage becomes very high and as a result the DC-
link voltage no longer maintains the minimum required DC voltage to meet the MIL-STD-
704F transient voltage specifications at the four-leg inverter output. Since the DC-link
voltage becomes unstable and does not maintain the minimum required voltage during
transient step load operation, the four-leg inverter output voltage does not meet the MIL-
STD-704F transient voltage specification which can be seen in Fig. 5.13 (b). The effects
of EMI filter is very prominent in the DC-link voltage regulation of the two-quadrant DC
chopper. This is mainly because the inclusion of EMI filter at the DC chopper output
modifies the output circuit from a simple first order system (Exciter SG field winding) to
a multi order system and thus the steady state duty cycle feedforward calculation from
chapter 2, subsection 2.2 becomes invalid.

Furthermore, the DC-link voltage regulation in the outer loop control of DC
chopper becomes unstable and the minimized DC-link capacitance value of 100uF is not
able to maintain stability at the DC-link. Hence, it can be inferred from this study that,
while selecting the minimum DC-link capacitance and designing the control for a BSG
based VSCF system, the effects of EMI filters on the system dynamics need to be
considered and the control algorithm for BSG side DC-link voltage regulation need to be
improved with faster and robust control techniques to overcome the effects of EMI filter

in the system.

5.6 Summary

In this chapter, the Electromagnetic Interference (EMI) filter design and its effects

on the control performance of the PECs in VF BSG based DC and AC aircraft EPS are
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investigated. The conducted EMI noises such as Common mode (CM) and differential
mode (DM) noises generated in PECs are suppressed within the permissible noise level
based on Boeing DO-160 standard. The filter design using toroidal core is considered to
combine both CM and DM noise filter reactor into one. The EMI filter design for the two-
quadrant DC chopper, the active rectifier, and the four-leg inverter are explained in
detail. The performance comparison between BSG based DRI regulated VSCF AC power
system using minimized DC-link capacitance with and without the presence of EMI
filter is analyzed and the effects of EMI filter on the control of DRI regulated VSCF system
is verified with the help of real-time C-HIL and the results show that the inclusion of EMI
filter significantly affects the control performance of the DC chopper control and makes

the system unstable.

5.7 Publications

1. G. Selvaraj, S. R. P. Reddy, K. R. Ramachandran Potti, K. Rajashekara, "Stability
analysis of Brushless Synchronous Generator based Active Rectifier Inverter regulated
Variable Speed Constant Frequency AC Power System with minimal DC-link
capacitance and EMI filter,” in IEEE Open J. on Power Electron., 2021 ( To be

submitted)
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CHAPTER 6

CONCLUSION

In this dissertation, control strategies for minimizing the DC-link capacitance in the

PEC:s for aircraft AC and DC backup power system are investigated.

The minimization of DC-link capacitance for a VF BSG based 50kW 270V DC
system using diode rectifier is investigated in which the DC-link voltage regulation is
obtained through the excitation control of the exciter SG using two-quadrant DC
chopper. A steady state feedforward duty ratio and output power based feedforward exciter
field current reference are proposed to improve the transient response of the DC system to
meet the military standard (MIL-STD-704F) transient voltage specifications with

minimized DC-link capacitance.

An 80kVA VF BSG based diode rectifier inverter (DRI) regulated 115V, 400Hz
AC variable speed constant frequency system (VSCF) is investigated. In VSCF system, the
control improvements from BSG based DC system is used along with a novel adaptive
inverter voltage reference (AIVR) algorithm in the four-leg inverter side to reduce the
effects of four-leg inverter side fast dynamics. The combined control improvements helps
to meet the stringent MIL-STD-704F transient voltage specifications at the inverter output

with minimum the DC-link capacitance required in the VSCF system.

Further, the VF BSG based DC system is investigated with active rectifier in place
of diode rectifier. An improved DC-link voltage regulation based on field oriented control
(FOC) of the VF BSG along with a feedforward excitation control for fast transient

operation is proposed to further improve the transient response of the DC-link voltage and

98



reduce the DC-link capacitance when compared to diode rectifier based DC system. A
steady state rotor flux optimization algorithm derived based on steady state equations of
VF BSG is proposed to maintain unity power factor (UPF) operation at the BSG terminals

during steady state operating conditions.

Finally, the EMI filter design for VF BSG based PEC regulated DC and AC systems
are studied for aircraft EPS by following DO-STD-160. The EMI filters are designed for
different PECs in AC and DC systems such as two-quadrant DC chopper, active rectifier,
and four-leg inverter. The transient performance of the VSCF AC system control with
minimized DC-link capacitance is compared for cases with and without EMI filters and the
interaction of EMI filters with the fast transient control algorithms are studied and

presented with real-time C-HIL testing results..

6.1 Future work

The future scope of this research in the areas such as:

e Aircraft EPS with control improvements for the PEC based DC and AC systems with
EMI filters and minimized DC-link capacitance.

e Control improvements for BSG backup power system with loads in both 115V, 400Hz
AC and 270V DC with strict AC and DC transient voltage limits.

e The VF BSG machine model based exciter SG field current estimation to replace the
look up table approach.

e Induction Generator based AC and DC Systems with control improvements for

minimization of DC-link capacitance.
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