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Fuel Cell (FC) Vehicle i1s Developing Rapidly

Car Industry

Air Pollution

Fuel Cell Vehicle

© Energy saving
© Low emission
@ It's hard to achieve
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Zero emissions

Zero emission

Low noise

High efficiency

Short running mileage
Long charging time

Zero emission
Long driving range
High efficiency
Fast filling time
Hard to produce H,




Fuel-Cell APU of Future MEA

The Airbus Fuel Cell Approach
LH2 Storage Architecture

Liquid Hydrogen Supply
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Fuel-Cell Power System of Electric Trams

Rail Traffic Industry

HRB&WP controller HDTRC controller DC/DC convertor
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Water tank '
VVVF Air compressor

P Energy flow
= = = =J» Signal flow
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Multiple Fuel Cells Hybrid Power System for Electric Trams

Source from: Y. Yan, Q. Li, W. Chen, Southwest Jiaotong Uni.



Fuel-Cell Power System of Electric Ships

. Reconfigurable, Survivable Power
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Source from: US Navy All-Electric Ship Program FC Power system of an All Electric Shlp



Problem Formulation

Problem: Fast Fluctuating Load Power v.s. Slow Dynamic Response of FC  mssp  Solution: Hybridization

e.g. Pulsating Load Profile for an MEA*:
peak power possibly lasting for 20200 ms;

peak-to-average power ratio being more than 5-to-1 across a time scale of 50-500 ms

— Load
— Storage Device Power
— Fuel Cell Power
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1o Fluctuating ) © Highly efficient:
: | ' | | L. © High energy density;
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Load profile capture in some flight phase

Fuel Cell (FC)

Expected power allocation

o . |

Ultracapacitor (UC)

© Fast dynamic response;
© High power density;
@ Low energy density.

@ Slow dynamics;
@ Low power density;
@ Unidirectional power flow.

* C. Turpin, B. Morin, E. Bru, O. Rallieres, X. Roboam, et al., “Power for aircraft emergencies: a hybrid proton-exchange membrane H2/O2 fuel cell and ultracapacitor system,” IEEE

Electrific. Mag., vol. 5, no. 4, pp. 72-85, 2017.



Problem Formulation
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Centralized EMS
Problems Solution
Centralized Control Strategies Decentralized Control Strategies
® Increased numbers of current or voltage sensors; © Automatic fluctuating load power splitting;

® Single-point-of-failure problem (Poor reliability); — m—)
® Compromised dynamic response for power allocation -
due to the existence of communication delay: © Improved energy efficiency

® Poor system flexibility and scalability. © Improved system realibility

© Extended the service life;



Problem Formulation

Possible  decentralized

EMS
proposed by Y. Zhang & Y. W. L.

Droop Control

Voliref

“”1 :R,,
il

Existing Decentralized Dynamic Power Allocation Strategy

A virtual capacitor droop
control is proposed for the
UC to make it buffer all the

transient power.

DC
Bus
| — |
—— | [ g* = Key Features
pc | i dll >[ o
Source L il ok
. © Dynamic load power allocation;
R ——
1 \ i : e = © SoC recovery of the UC;
_{ | ‘ @ The UC loses the ability of buffering transient power
sopsy | [Be] ]| (vl In SoC regulation process;
E E _ .
i @ 5 % @® The virtual capacitor would block the path for the
i O] ; regenerative power.
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chl:::tion ESVL\;i:)_chce_rE )
-—-i—p e -l Y. Zhang and Y. W. Li, “Energy management strategy for supercapacitor in droop-controlled dc microgrid using

virtual impedance,” IEEE Trans. Power Electron., vol. 32, no. 4, pp. 2704-2716, Apr. 2017.



Problem Formulation
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Virtual Resistor Virtual Capacitor

Possible decentralized EMS for HESS proposed by our research group.

Existing Dynamic Power Allocation Strategy
Key Features

© Dynamic load power allocation is achieved;

® The UC’s SoC can not be optimized;

® When applied to the FC-UC hybrid power supply system, the energy efficiency of the system could be low as the regenerative
power (average part) is not able to be stored by the UC but has to be dissipated as heat by the damping circuit instead,;
(Lossless accommodation of regenerative power cannot be achieved)

[1] Q. Xu, et.al, “A decentralized dynamic power sharing strategy for hybrid energy storage system in autonomous dc microgrid,” IEEE Trans. Ind. Electron., vol. 64, no. 7, pp. 5930-5941, Jul. 2017.
[2] Q. Xu, et. Al., “A decentralized power management strategy for hybrid energy storage system with autonomous bus voltage restoration and state-of-charge recovery,” IEEE Trans. Ind. Electron., vol.64, no.9, pp. 7098-7108, 2017.



Problem Formulation

Control objectives

€ Dynamic load power allocation.

» It is desired that the UC buffers the pulsating or high-frequency load power while the FC only
supplies the average or low-frequency power.

€ High flexibility, scalability and reliability
e Decentralized architecture

@ Prolonged service life.

» The service life of the FC can be prolonged by making it merely supply the average or low-
frequency power.

» The service life of the UC could be optimized by maintaining its state-of-charge (SoC) within
25% and 90% (Normal Mode).

€ Increased energy efficiency.

« By accommodating the regenerative energy generated in braking process in a lossless way, the
energy efficiency could be much improved.
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Decentralized Power Allocation Strategy

Decentralized Dynamic Power Allocation based on Mixed Impedance Droop Control: Strategy 1
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Proposed decentralized control for FC-UC Hybrid Power System



Decentralized Power Allocation Strategy

Mixed Impedance Droop Control £C Unit Rirco™ ~Riec
The droop characteristics of the FC and UC converters are given respectively by
RS 7/ ™). Kirc 1S the integral gain used
Vore = Viom — (m + Rrco ]‘IQ\FC for voltage restoratlc?n
—= \ Vore = Voom — Riecalore TAVIR
Vosc :Vref _L RVSC 1?:\:::15 +\j\_+ RVSCZ;E] iOSC AVVR = kl% nom oFC) ____________

~
*****

e = G (8) = G () (Vi ~Vion) of regenerativg energy  Riser |
ioSC - GSC (S) io + Gc (S)(Vref _Vnom)

— I:\)v501s + RvSClkiFC

HPF and LPF are Crc (S)= >
automatically 2rd LPF RvSCleFC1CvSC1S + ( RvFCl + RvSCl)S + RVSClkiFC

with

In Steady State

33?]2(;;2 Zglj/\i/(:}\r/e (S) _ RvSCleFC1CvSC182 +RieciS losc = (Vref =\ )/ Risct
SC 2
a”ocation 2I’d HPF RVSClRVFCICVSC1S + ( RVFCl + RVSCl)S + RVSClkiFC Vnom _ AV SOC < 25%
G — RvSCleSC1SZ + (1"' RisciCusciKirc )S + Kiec Setting Vi =1 Voo  25% = S0C <90%
(5)= V. +AV  SoC > 90%

(RVSC1RVFC1CVSC182 + ( RvFCl + I:QVSCI ) S+ RvSClkiFC )S

Compensating the
: line impedance

Simplified FC/SC HPS with proposed control strategy

IoFC = Io _ (Vref _Vnom )/Rv801 UC’s SoC could be

maintained within
normal mode



Decentralized Power Allocation Strategy

Impedance Design: The real output impedances of the converters have to be designed to closely follow
the desired shapes.

Enabling Technique: Impedance shaping strategy.

w<aw,, Z,(S)—>Z.(s) a)hE
Expected Output Impedance Real Output Impedance %\ 100 —— Z Q(S)i - 201 (S) - i e
* _ Ryfci$ . \q; 50 i : l T
2o (5‘) - s + k;’FC Z(JI(S) = Zol (S) g 0 | /| ‘E\
oy |
R, = * * ~ il
2ot )= e W L) =22’ 50 &l T A
USi] vSCI¢ ' , B Zol (S‘) ZoQ (S‘) 2_100 el g b ) T I (2
Z * ('5') — Zol (S) . Z{)Q (S) 1 o (S) — Z | (S) + Z , (S) e T ; M -
’ Zot* () + Zoa* (s) 7 0 a0 |
=
|
4 |
. a1555 + aast + a;3sd +ans? +ans +ayo | 11(8) and T,(s) should E
§) =
1 biss® + bias* + b13s® + b1s? 4+ byis + by be carefully designed R~_180 5 18 wndl iAD wal eaB B
S A ; , to make the real output 10 10 10 10 10 10 10
Ty = 25+ i + =k * = T @18 + @0 | jmpedance track the Frequency (Hz)
baas® + ba3s® + bos® + bais + bao expected value.

Impedance Design



Stability Analysis

Remarks: As the output impedance of the HPSS has already designed.

It is quite convenient to use Middlebrooks's Stability Criterion to The system becomes unstable
Judge the system stability. when the load power exceeds 8kW.
g o0 kW
Output Impedance of the HPSS < 30¢ :
Q 1
= v
ZO (i‘) _ Zol (S‘) ZOZ (S‘) "é)‘ 0 20k W
Zo1 (8) + Zp2 (5) gﬂ 230 | | / .
§ 50 Zo(5) kW
Input Impedance of a CPL (Buck converter driving loads) 7 —
2| |
Zi(s) = = Z(s)
QO
Vbusz [RbL3C3S3 + L352 + Ry, (1 + kp3 Vbus) s + Rpki3 Vbus] éj 907 Z""ES)I |
PcpLRy [RyC3s? + (1 — kp3 Vous) 8 — ki3 Vius | ~~_180 S T e—
’ 102 10" 10° 100 10> 10° 10’
Frequency (Hz)

For our system, which is 5kW, the system is stable in the
whole operation range. Stability analysis




Scalability and Reliability Features

Basic
FC/SC
Unit 1

Basic
FC/SC
Unit m
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Guidelines for adding new FC/SC unit:

RvFCl,eq = RvFCl/ m
Rircik = Rires Cuscik = Cusct k. —k
iFC.eq iFC —_
Kicex = Kirc Riscix =Risci ) C —mC W oq =D
RV ~—R Rv vSCleq ~— vSC1
FC2,k =~ "MFCK _
> <= ISCk \RVSCLeq - RvSCl/m

.
RvFCl ,eq =

CPL
Rres% éICPL -
) I(iFC,eq leC

CvSCl eq

RvFCl/rn

( m-— 1) CvSCl

L vSCl,eq RvSCl/ (m_l)

A single SC unit of a basic FC/SC unit is disconnected from the system:

@,

_ 2
eq =P eq \/[1— 2 oq T

2
n.eq

iFC

2
J+ (1—2 ezq+w';’eq]+1
kiFC

For our system, @,

Increases from 0.2Hz to
0.36Hz when one SC is down (worst case). It
is still far less than 5Hz.

* The more the basic FC/SC units, the smaller o, {,
and o, varies; worst case, two basic FC/SC units.

* Plugging out an SC unit

\/m—l/m Riper + \/m RVSCl

Riect * Risca

@, q Would slightly increase, making the FC pick some high-frequency load power.
However, as the frequency increase is very small, the power picked up could be ignored.



Summarize of Strategy 1

I
; _ [
Current IoFC _EGFC (S):Io o Gc (S)(Vref _Vnom ) ~__ _FCUnit | Vbus
Sharlng I I :_II} Q " | loFc
1 1 . N R . .
Relationship s :'LGsc (S], o +Ge (8) (Viet ~Viom ) Ve et Ry Bl gy
_____ | _____2"Thrc ___ |
SC Unit Rres |
RecS+Recikiee  pmeosItEoooo—- | % %
GFC (S) — vSC1 vSC1NiFC Zrd LPF :||' Q o I losc 1 il
RvSCleFC1CvSC1SZ T ( Rirct + RvSCl)S + RisciKirc | | b‘é 1| Reco . Ric |
| CvSCls |
_ RvSClRVFC1CVSC1SZ + RyeciS 2rd HPF | |
Gsc (S)_ 2 | ______ Rsct
RvSCleFC1CvSC1S + ( RvFCl T Rvsc:1)S + RvSClkiFC
Simplified FC/SC HPS with proposed control strategy 1
Features:

® high-order filters are added, too many parameters need to be designed.
@ It is quite hard to do the impedance shaping as there are too many parameters
that need to be tuned.

How to decrease the order of the system and simplify the design?



Decentralized Power Allocation Strategy

Decentralized Dynamic Power Allocation based on Mixed Impedance Droop Control: Strategy 2

The droop characteristics of the FC and UC converters are given respectively by

Vorc =Viom T Lrc1 ke Virtual inductor  and
Voo =V = Roerdlse resistor droop

(o]

Combined with equivalent FC/UC-APU, we have
{ioFC = GFC (S) ) io -Y (S) ) (Vref ~ Vhom

Viem)
iOSC = GSC (S) ) io +Y (S) ) (Vref _Vnom)

: R
with Gee(9) = i 1YLPF
FC1 vSC1
G (s) = LciS 11 HPE Simplified FC/SC-APU with proposed control strategy
* B LvFClS + RvSCl 0
v (s) 1 Dynamic power allocation Viem —AV  S0C < 25%
(s)= (LesS + Ry ) Setting V,, =<V..,, 25% < SoC <90%
| ] V.., AV SoC >90%
n steady state | =1 —(V._V
e = o = (Ve ~Voon )/ Ry Limiting the UC’s SoC
IoSC = (Vref _Vnom )/ RvSCl

* J. Chen, Q. Song, S. Yin, and J. Chen, “On the decentralized energy management strategy for the all-electric APU of future more electric aircraft composed of multiple fuel cells and
supercapacitors,” IEEE Trans. Ind. Electron., to be published, doi: 10.1109/TIE.2019.2937069.



Decentralized Energy Management Strategy
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Structure of the FC/SC-APU with proposed control strategy



Impedance Design and Stability Analysis

Expected Output Impedance Real Output Impedance
Zorck (8) = Zypey (8)

Zorcr (8) = Lyrcys 0
Zyscr (8) = Ruscr ‘ Zosck (8) = Zyscr(s)

Middlebrooks's Stability Criterion Used
PCPL=|5.0I(W PCPL:|2-5kW

m i
) 7% (8) D () Zorck () Zoscr (8) 2 ey N
A _ _“oFCk 0SCk . Zok _ Zin(S
o (%) Zyrer (8) + Zogop () k(8) Zorck (8) + Zosck (8) § 0 ( ) !
— = I : N=2 |
Teos(s) ass® + ars + ag m 20 S £-30) 4 “N=3 N2 p =75k
FORT ™ byst 4+ bgs® + bas? + bys + by % 0l ,,_____"if(s); S 601 Z8) [The system (5kW) is stable.
Tocr(s) = c3s° + co8* + s+ ¢ :% / 20T 0 ]
§Ck\S) = d4.5’4+d383+d282+d18+d0 g -20 L @180 /T‘\h_
S -40 S 9 Zi(s)
e Tee(s) and Tgg, (S) shouldbe = 90 @ ~ "
carefully designed to make §’ 48 j § O Z(s)
the real output impedance @ 45| 5 () -920-3' R AR N T
@ -90 01(S ' ' ]
track the expecteq value. £ 130 il 1a)c‘ i i Frequency (Hz)
<y, Z,(8)—>Z,(s) 102 10" 10° 10" 10° 10° 10
_ Frequency (Hz)
« Compared with Strategy 1, .
the system order decreased. Impedance Design for Strategy 2 Stability analysis and design

* J. Chen and Q. Song, “A decentralized dynamic load power allocation strategy for fuel cell/supercapacitor-based APU of large more electric vehicles,” IEEE Trans. Ind. Electron., vol. 66, no.
2, pp. 865-875, Feb. 2019.
J. Chen, Q. Song, S. Yin, and J. Chen, “On the decentralized energy management strategy for the all-electric APU of future more electric aircraft composed of multiple fuel cells and
supercapacitors,” IEEE Trans. Ind. Electron., to be published, doi: 10.1109/TIE.2019.2937069.
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Experimental Verification

Basic :
FC/SC |
Unit 1 i
Simplified
Structureof °
the System
Basic

Test rig Setup

SC, _ Converter:

FCy _ Converter!

SCy _ Converter

: DC Pl y

270V
DC Bus

<+ . CPL
Lng Rng EConvcrtcr
' [DC 5
ARSI = T - DC |

Lp 1-...5:‘2:1

Line

¥ Resistive Load

1. SkWEB ST &

Variable
Vnom

Vecr
Prc1
Vsci
Csca
wC

RIFCl’ RIFCZ
RISCl’ RISCZ
Rb
RVFC2,1’ RVFCZ,Z

RVSCZ,I’ RVSC2,2
RvFCl
I(iFC
CvSCl
RVSCl

System Parameters

Description
Nominal dc bus voltage
FC nominal voltage
Power rating of the FC
SC nominal voltage
Rated capacitance of the SC

Cut-off frequency

Line resistance of FC units
Line resistance of SC units
Load resistor of buck converter

Negative virtual resistance of FC units

Negative virtual resistance of SC units
Virtual resistance of FC units
Voltage restoration gain for FC units
Virtual capacitance of SC units
Virtual resistance of SC units
Increment of reference voltage
Switching frequency
Filter inductor of FC converter
Output capacitor of FC converter
Filter inductor of SC converter
Output capacitor of SC converter
Filter inductor of buck converter
Output capacitor of buck converter
Proportional gain of voltage controller
Integral gain of voltage controller
Proportional gain of voltage controller
Integral gain of voltage controller
Proportional gain of current controller
Integral gain of current controller
Proportional gain of current controller
Integral gain of current controller
Proportional gain of the buck controller
Integral gain of buck controller

Value
270V
90V
3kw
125V
63F

2ntx0.2rad/s

0.2Q
0.05Q
15Q

-0.2Q

-0.05Q
1.5Q
2.2247
0.9675F
0.8Q
3.0V
20kHz
0.6mH
1410pF
0.6mH
2820uF
0.8mH
1000pF
0.1420
0.8921
20.3667
3839.0
0.0179
2.2487
0.0814
35.8209
0.28
3.03



Experimental Verification

Load Power: 1kW—3kW —5kW —3kW —1kW

Different
Power Sharing
Ratios

Lypck o Prc max1 _m
L?.'FCI B PFCmaxk B my
Ruosck _ Qsc1 _ m
R, 5C1 QSC’ k ng

CH1: vpys (30V/div)
CH2: vscp (25V/div)
CHa3: Vsco (25V/d IV)
CH4: P, (1.0kW/div)

CH1: Pogcs (05kW/d|V)
CH2: Pore, (0.5KW/div)
CH3: Pyscs (O5kW/d|V)
CHA4: POSCQ (OSkW/dIV)

1 Vsc1
Vbus i !
| ]
i T Vsc2
@ : _,_._/.[\_.__ ,,,,, i el
= P 1
I
~Time (5s/div)
Porct (Porcs/ & \
SIS S . \
/ I:)oSCI P %
S X 0SC?2
Time (5s/div)

m;:m,=n;:n,=1:1

Load Power: 1lkW—3kW —5kW —3kW —1kW

CH1: vps (30V/div)
CH2: v (25V/div)
CH3: Vsco (25V/d |V)
CH4: P, (0.5kW/div)

CH1: Pyecs (05kW/d|V)
CH2: Pyrcs (0.5kW/div)
CHa3: POSCl (OSkW/le)
CH4: Posco (OSkW/le)

ks 4

e N

Vsc1
Vbus

Time (5s/div)
m;:m,=n,:n,=2:1




Experimental Verification

Operation in different modes of UC . ggcpf%‘ife% ?Zfage Pta_ft + UtCt lfﬂzlvides pulsating plfitrt )
¢ (0) (& ocsn 1 1impac (& namic po T 101
Load Power: 4kW Average+2kW Pulsating . 4 power aiotatlo

» SoC recovery is achieved
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== %Wp : R T e it - ! —
| NYarh) — N d N | . §
T332 s 2233 TL88% §Thy=1kw  ifescr
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Time (20s/div) Time (20s/div) Time (20s/div)
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Experimental Verification

Operation in regeneration process (in different
operation modes)
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Experimental Verification

Operation at the outage of some source units.

High reliability achieved.
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Conclusions

» An advanced decentralized dynamic power allocation based on modified MDC was
proposed for the powertrain system of the FC-UC Hybrid Electric Vehicle.

» With the help of the proposed power allocation strategy, the control objectives, including
optimized dynamic load power allocation, extended service life of the system, improved
energy efficiency and guaranteed system stability, are realized at the same time in a
decentralized way.

» No communication nor common signals are needed for the implementation of the proposed

strategy, which indicates high reliability and flexibility.

» The effectiveness and feasibility of the proposed dynamic power allocation system are
verified by experiments.



Thank you very much!

Any Questions?




