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Five, single-phase H-bridge converters are usednterface variable-
speed, permanent magnet generator into a commorb¥C To draw
high quality current from the generator and provigenstant DC
voltage, a modified implementation of the averageremt control

technique is proposed. A phase shift circuit wadeadto the average
current control to allow system operation at diffet load and speed
conditions. The proposed technique has a signifigafast dynamic
performance. The analysis was validated using vgsrsimulation.

1- INTRODUCTION

Recently, the aerospace industry adopts electpoater as a primary source for
extracting and distributing non propulsive powefrgio vehicles. This trend is themed
More-Electric Aircraft (MEA) [1-2]. The embracingf MEA, as claimed in [1-2],
radically change the aerospace industry, and sigmif improvements in terms of
aircraft-empty  weight, reconfigureability, fuel mption, overall cost,
maintainability, supportability, and system relidpi would be realized. However,
MEA increases the demands on the aircraft elepmiwer system in areas of power
generation, handling, reliability, and fault toleca, which mandates innovations in
power generation, processing, distribution and mameent systems [1-2].

A five-phase, permanent magnet, fault-tolerant geoe is proposed to be
coupled with the aero-engine low pressure shaff] [® meet the increased demand of
on-board electric power. The generator phases larsiqally, magnetically, thermally
and electrically isolated. The generator utilizee windmilling effect of the low
pressure shaft to generate electrical power dwingrgency conditions such as engine
failure. Five single-phase PWM H-bridge convertmes used to interface the generator
terminals into a common DC bus [3-4]. To minimibe generator copper losses, the
generator phase current has to be in phase witantii@t low-medium speeds, mode 1,
and lags the emf at high speeds, mode 2 [3-4]mplka and efficient control technique
for the system is proposed in [3-4]. However, tieishnique produces large deviation
in the DC voltage during transient conditions. Mwrer, this scheme has slow
dynamic response.

Average Current Mode (ACC) control [5-8] enablesyvaccurate tracking of
the sinusoidal reference and results in low harmadrstortion in the AC output. This
technique, as claimed in [5-6], has high noise imityu Furthermore, numerous, low
cost, dedicated integrated circuits are availabteits implementation. However, the
technique in its basic form is only suitable fornstant speed operation [5-8].
Therefore, an innovative implementation of the AGE required to allow its
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application for areas such low pressure shaft geoer where there is wide
speed\frequency range.

In this paper a modification of the ACC is propoded applications where
speed/frequency varies widely. A detailed designttie controllers is given, and the
analysis has been validated using rigorous sinmratiork in Saber environment.

2- SYSTEM DESCRIPTION AND CONTROL DESIGN

An Individual H-bridge converter is attached to leagenerator phase as shown in
Fig. 1 to comply with the fault-tolerance strateythe generator system
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Fig 1: Schematic diagram of single phase PWM Hgwidonverter and the proposed
ACC

In the proposed ACC as shown in Fig. 1, currenieaadgorithm and phase
shift circuit are employed to adjust the angle lné reference with respect to the
generated voltage according to the generator speeétbad conditions.

In the current loop of the proposed ACC, the coterecurrent is sensed
through a voltage drop va across a resistor. Theesesignal va is compared with the
reference signal vcr and the error is applied tpl&é$ pole compensator. The output of
the compensator is supplied to a PWM generatiortkbl@he amplitude of the
reference signal vcr is set by the voltage looptlst the converter input power
instantaneously matches the load power. The divisiothe reference signal by the
square of the source voltage RMS used in [5-8kimaved in the proposed ACC as
this circuit is a source of failure in the conteitcuit. Moreover, it complicates the
design process of the compensators in the convetidfCC. The design of the
modified ACC loops shown in Fig.1 is discussedetad in the following.

The voltage droop control shown in Fig. 1 is useeérsure equal load sharing
among the five generator/converter modules. Tharpaters of the system under
concern are given in Table 1.
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Table 1: The parameters of the system under concern [3,4]

Rated power 70kW
Number of phases 5
Speed range 1000-3000rpm
EMF(RMS) 160V at 1000rpm
RM Srated current 87.5A
Per-phase inductance 1.3mH
Per-phaseresistance 46mo
Phase separation 72
Output DC voltage 540VDC
Pole-pair 14

2.1Current Loop

The schematic diagram of a single-phase H-bridgktlaa current loop of the proposed
ACC are shown in Fig. 2
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Fig. 2: Schematic diagram of the single phase PWhtitige converter and the inner
loop of the proposed ACC

In Fig. 2, Ra, RI, Rcr, Rf, Cfp and Cfz are thensdmts of the current loop
compensator. VT is peak-to-peak of the triangledvimg signal, and vd is the voltage
control signal.

The values of Ra , RI, VT and switching frequerswife given in Table 2.

Table 2: Parametersof current loop in the proposed ACC

fo | Ra| R | VT
(kHz) | () | (kQ) | (V)

100 | 0.1 10 20
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The resistor Ra shown in Fig. 2 is not directly edited in the path of the
current, but connected to the secondary of 1:1@&ottransformer. This is to provide
dielectric isolation and reduce the power loss.

In the design of the current loop, the voltage Ispssumed to be relatively
slow. Therefore, the system can be assumed simddespstem.

To prevent instability at switching frequency, ttarent loop gain Ge=Rf/RI
is determined by [5],

6 = Vifds
’ VocRa (_’]_)

The current loop gain for the system under concern is 48; therefore the resistor
Rf is 0.48M2. With the current loop gain set to its maximumueal (1), the current
loop cross over is at 16.7kHz. The zero Rf* Cfad$ at half of the current loop cross
over frequency to provide boost for the low frequegain. Accordingly Cfz is 250nF.

The pole Rf *Cfp*Cfz/(Cfp +Cfz) is set at half dfi¢ switching frequency to
eliminate the switching frequency ripple. Accordin@fp is 50nF.

2.2Voltage Loop

To simplify the design of the voltage loop in theoposed ACC, the following
assumptions were used:
* The DC-link voltage ¥c is assumed constant.
* The machine/converters system is assumed lossless.
These assumptions results in equal instantanepus amd output power of the
converter module,

eig=igV,

DC )
When the current loop is closed, the following tielais satisfied [5]
i _Ver
=
RCF (3)

The converter output current io, Fig. 2, is given b
L 4)
Equations (2)-(4) are linearized by applying theadly-state averaging
technique [9]. In this technique, the state vagabfDC and vcr are perturbed around a
steady-state operating point as follows,

Vcr:|Vcr|o +AVCr (5)

Vbc™Vbee Ve (6)
Where steady state operating points are represéytélde variables with the
subscript ‘0’, while A’ before a variable denotes a small signal variable
Substituting (5)-(6) into (2)-(4) and multiplyingiband neglecting products of
small-signal terms, then separating the steadg-gtatts from the small-signal terms
results in the first order terms as:
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EAv

ooy (o BVpe,2AVpe
DCo| “DC™ g ' R,

RCr (7)
Applying Laplace transform to (7) gives the trandienction betweenAvCr
and the DC-link voItagéWDC,

AV, E 1
A - =Ga(s){ j 2
V,
cr VbcoCpcRer /| s* =

LCbc (8)
The converter and the current loop are represeyed single pole transfer
function (8). This pole results from the interantioetween the load resistance RL and
the DC filter capacitor CDC.
A Pl compensator Ca(s) was used in the voltage koopegulate the DC
voltage VDC. The block diagram of the voltage laophe modified ACC is shown in
Fig. 3.
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Fig. 3: Block diagram of the voltage loop in theposed ACC

In order to increase the bandwidth of the voltag®| the compensator zero za
is placed at the same frequency as the pole afdheerter open loop transfer function
Ga(s). However, the bandwidth of the voltage lobputd be chosen such that an
adequate damping for the second harmonic rippteerconverter DC voltage VDC is
provided without adversely affecting the stabilibargin. It was found for modified
ACC operating in the speed range from 500-3000 ttpxha bandwidth of 200 rad/sec
is a good compromise between the second harmoteoauation and the response
speed. Accordingly, the compensator gain kpa haa beosen. The parameters of the
compensator in the voltage loop are given in T&8ble

Table 3: Parameters of the voltage loop compensator in the modified ACC

za rad/sec) kpa
125 0.2

The frequency performance of the transfer funcddafDC/AVDCreference
was investigated at different operating pointsoaid and speed, the bandwidth and the
phase margin are given in Table4.
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Table 4: Frequency response of AVDC/AVDCreference at different speed
and load levels

L oad 500rpm 2500r pm
resistance Band Phase Band Phase
Q) width margin width margin
(rad/sec) | (degree) | (rad/sec) | (degree)
20 200 90 1021 90
24 212.2 86.5 1028 89.5
120 240.8 63.9 1060 65

Table 4 shows that the bandwidth increases with sieed; therefore the
system dynamic response at high speeds is fasterthiat at low-medium speeds. The
phase margin decreases with the load reductionetemthe minimum value of phase
margin 63.90 at 500rpm and 120oad is acceptable.

2.3Phase Shift Circuit

The principle target of the phase shift circuin@antioned before is to adjust the angle
of the reference current according to load anddpeaditions.

The angled calculation algorithm is shown in Fig. 4. In ordersimplify the
calculation, the assumptions stated above in thag®loop design are applied.

The algorithm starts by reading the constants: iDkyoltage VDC, per-phase
inductance Ls, minimum speeg and the minimum emf Emin. The constant of the
generated voltage is calculated by,

ke= Emin
vo )
Then, the algorithm reads the actual speexhd the load current IL. The load
power P is the product of the load current IL and ibltage VDC. The boundary
speedob between the low-medium speed range and the lpigddsrange is calculated
by,

(10)
The angleb is calculated according to the comparisoneofand wb. For
example, ifo < wb, the anglé® is set to zero, otherwise it is calculated by,

G:tan'l(EJ
Q

where P and Q are active and reactive powers rixgplgc

(11)
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Fig. 4: Schematic diagram of the current arfylalgorithm

3- RESULTS AND DISCUSSION

Two programs are developed in Saber environmentlidate the analysis. The first
program stimulates the averaged-value model [4fhef system depicted in Fig. 1,
while the second one represents the switched mofiehe H-bridge converter.
However, the switches in the switched model ararasd ideal.

The DC-link voltage VDC, current angl®, current and supply voltage
obtained from simulation programs are shown in fégu-6 for a step change in load
from 1202 (2.4kW) to 242 (12.1kW) at 1.9 sec and fromQ4o0 12@) at 1.97sec and
speed of 2200rpm.
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Fig. 4. DC voltage Yc (top), anglé (bottom) from switched simulation (blue) and
averaged-value model (black) for a load step ofL&D24) at 1.9 sec and step of
24Q to 12@2 at 1.97sec and speed of 2200rpm
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Fig 5: Phase current from switched simulationépland averaged-value model
(black) for a load step of 120to 242 at 1.9 sec and step of@40 12®) at 1.97sec
and speed of 2200rpm..
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bottom graph for 2@ load (mode 2) at speed of 2200rpm.
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In general, there is a good corroboration betweetailéd and average
models the result shown in Figures 4-6.

The system initially operates in mode 1 at low |¢2dkW), where the current
is in phase with the supply voltage, Fig. 6. Fahhioad, 12.1kW, the operating point
moves to mode 2 [3], where the current lags thelgwwoltage. The smooth transfer
from between the different modes is attributechepghase shift circuit.

The deviation in DC-link voltage for step changenfr no-load to full load
condition at 2200rpm is around 2.7%, Fig. 4. Th&tay requires only 20msec to settle
down for full load step change. The system dynaregponse was investigated at
different speeds and load conditions, and it wasdathat largest deviation in the DC-
link voltage occurs at 1000rpm and(2@perating point is only 5.5% of the DC-link
voltage.

Comparing the proposed ACC with the voltage vectmmtrol [3,4] indicates
that the proposed technique has significantly fadgeaamic response with lower DC-
link voltage deviation during load transients. Hoee the voltage vector control has
albeit high efficiency due to reduced switchingslkes [4].

4- CONCLUSION

A modified implementation of the ACC is proposed five-phase, permanent magnet
generator in aircraft applications. A phase shiftwt was used to comply with the
generator variable speed operation. The circuitisasljthe reference current in such
way to optimize the generator copper losses.

Detailed design for the controller loops was caroet. The zero of the current
loop is placed at half the cross-over frequencytoease the loop low frequency gain,
while providing around 450 phase margin at crosar dkequency. The pole of the
current loop is allocated at half the switchinggirency to attenuate switching
frequency ripple.

In the voltage loop a PI controller is used, theapeeters of the controller are
selected to provide adequate bandwidth of 200redéte low frequency, while
maintaining system stability.

The system was found to have faster dynamic regponshe medium-high
speed range.

The proposed ACC utilizes a high switching freqyebhz ensure reference
current tracking; however this increases the poless and hence decreases the
efficiency.
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