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Abstract This paper proposes an energy management

strategy for a fuel cell (FC) hybrid power system based on

dynamic programming and state machine strategy, which

takes into account the durability of the FC and the hydro-

gen consumption of the system. The strategy first uses the

principle of dynamic programming to solve the optimal

power distribution between the FC and supercapacitor

(SC), and then uses the optimization results of dynamic

programming to update the threshold values in each state of

the finite state machine to realize real-time management of

the output power of the FC and SC. An FC/SC hybrid

tramway simulation platform is established based on RT-

LAB real-time simulator. The compared results verify that

the proposed EMS can improve the durability of the FC,

increase its working time in the high-efficiency range,

effectively reduce the hydrogen consumption, and keep the

state of charge in an ideal range.

Keywords Hydrogen � Fuel cell � Supercapacitor � Energy
management strategy � Tramway

1 Introduction

Recently, the fuel cell (FC) hybrid tramway, as a new

energy technology, has been widely concerned and studied

due to its non-catenary, comfortable riding, energy-saving

and environmentally friendly nature [1, 2]. The tram with

an FC hybrid power system uses FCs as the main power

source, and the lithium battery or supercapacitor (SC) as

the auxiliary energy to supply the power shortage and

recover the braking energy. For this reason, hydrogenation

stations are set up to ensure the hydrogen supply of FCs,

which leads to gradual withdrawal of the line traction

power supply system. Thereby it possesses great potential

and high flexibility in urban transportation [3–5].

By controlling the power output of FCs and auxiliary

power supply, the energy management strategy (EMS) for

the hybrid system should ensure the tram driving and

recover braking energy, reduce the fluctuation of FC output

power, and improve equipment durability and operation

economy, so as to optimize the working performance of

power system [6, 7]. At present, many scholars have done a

lot of research on the EMS of hybrid vehicles and accu-

mulated a lot of achievements. Contrastively, in the field of

rail transit, the research about the EMS of the FC/SC

hybrid tram is in the early stage.

Erdinc et al. [8] proposed a load balancing EMS on the

basis of fuzzy logic, which uses wavelet transform to

divide the load power into two parts: high frequency and

low frequency, and then controls the output of the hybrid

power system by the fuzzy logic. Garcı́a et al. [9] proposed

an EMS in terms of operating modes for FC/battery/ultra-

capacitor for an electric tramway. Li et al. [10] combined

the EMS with state machine strategy (SMS) and realized

droop control of the FC–SC hybrid tramway, which not

only optimizes the hydrogen consumption of the system
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but also improves the system efficiency. In order to keep

the state of charge (SOC) of the energy storage system near

the rated value, the dynamic factor is introduced into the

cascade and fuzzy logic-based control [11].

As a global optimal theory, dynamic programming (DP)

is often used to design the EMSs with different optimal

goals, and then they have been compared with real-time

energy management algorithms to discuss their perfor-

mances. Xu et al. [7] pointed out that the cost of the FC and

lithium battery should be taken as the objective function to

ensure the global optimization; in this case, the penalty

factor of the SOC was introduced, and when the SOC

exceeded the limit margin, the cost would increase

immediately. Fares et al. [12] developed a DP technique for

optimizing fuel cell hybrid vehicles. Ansarey et al. [13]

used multi-dimensional DP to achieve optimal energy

management in a dual-storage FC hybrid vehicle. Com-

pared with DP, the maximum principle has a better control

effect on hybrid electric vehicles [14].

In Refs. [10–14], all EMSs can realize the power dis-

tribution of each power source. However, only a few

studies have involved the EMS for the FC–SC hybrid

tramway. In addition, most of the EMSs in the above-

mentioned work ignored the fluctuation of the FC system

and the impact of a large amount of regenerative braking

energy on the energy storage system. Therefore, by con-

sidering the durability and economy of FCs, the author

proposes an EMS combining the DP and SMS (DP-SMS).

The proposed method can reduce fluctuation of the FC

system and hydrogen consumption and maintain the SOC

of SCs.

The FC–SC hybrid tramway has high design costs and a

long construction period, and most studies adopt simula-

tions or scaled-down experiments; therefore, the control

strategy of the experimental verification needs to be

improved [15–17]. As a safe, fast, reliable and economical

real-time verification technology, the hardware-in-the-loop

simulation has been widely used in power electronics,

electric vehicles, robots and automatic control, which can

ensure the verification results of the proposed method

[18, 19]. In this paper, a DP-SMS-based EMS for a proton

exchange membrane fuel cell (PEMFC)/SC hybrid tram-

way is proposed and the hybrid system model is built, the

hardware-in-the-loop experimental platform is established

by RT-LAB.

This paper is organized as follows. Section 2 is dedi-

cated to the modeling of the FC–SC hybrid power system.

Section 3 introduces the proposed EMS for the hybrid

tramways. The EMS performance is verified in RT-LAB

real-time simulator in Sect. 4. Finally, the main conclu-

sions are presented in Sect. 5.

2 Modeling of FC–SC hybrid power system

The FC/SC hybrid tramway is mainly composed of an FC

system, an SC system, a traction system and the corre-

sponding controller, as shown in Fig. 1, where D1 is the FC

DC/DC control signal; D2 is the SC DC/DC control signal;

Vbus is the DC bus voltage; Pload is the load demand power;

Vfc and Ifc are the output voltage and current of the FC,

respectively.

The FC is connected to the direct current (DC) bus

through a unidirectional DC/DC as the main power source,

and the SC is connected to the DC bus through a bidirec-

tional DC/DC as the backup power source. The auxiliary

system and the traction system are directly supplied by the

DC bus [10].

According to the dynamics principle, the power Preq

obtained by the traction system from the DC bus is cal-

culated by [16]

Preq ¼ PFCgFC DC=DC þ PSCgSC DC=DC � Paux1; ð1Þ

where Paux1 is the power of auxiliary system such as air-

conditioning and lighting, PFC and PSC are, respectively,

the output power of the FC and SC, gFC_DC/DC and gSC_DC/DC
are the efficiency of the unidirectional DC/DC converter and

bidirectional DC/DC converter, respectively.

2.1 Modeling of the FC system

The FC system uses the HD6-type PEMFC with a rated

power of 150 kW produced by Ballard, and the specific

parameters are listed in Table 1. The experimental and

simulated results of the FC polarization curves are shown

in Fig. 2 [20, 21].

The FC system efficiency mainly includes the FC stack

efficiency, FC electrical efficiency, and unidirectional DC/

DC efficiency. Of them, the FC stack efficiency is related

to the internal chemical characteristics, and the FC elec-

trical efficiency correlates to the power consumption of the

Fuel cell Supercapacitor

Auxiliary system

Energy management system

Traction system Braking resistor

DC/DC

D1

SOC

PloadVbus
D2

DC/DC

Vfc Ifc

Fig. 1 Topology of the FC–SC hybrid power system
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FC auxiliary system. The FC stack efficiency gstack is cal-
culated by [22, 23]

gstack = Qfc=QH2

Qfc ¼ PstackT

QH2
¼ EH2

m

Pstack ¼ VfcIfc

qfc ¼ IfcT ¼ Fn

n ¼ m=ðncellMH2
Þ

8
>>>>>>>>><

>>>>>>>>>:

; ð2Þ

where QH2 denotes the energy produced by the electro-

chemical reaction of hydrogen; Qfc is the output energy of

FC stack; Pstack is the stack output power; T is the unit

time; EH2 is the higher heating value of hydrogen, which is

1.43 � 105 J/g; m is the mass of hydrogen consumed per

unit time; Vfc and Ifc are the output voltage and output

current of the FC, respectively; F is the Faraday constant,

taking a value of 96,485 C/mol; n is the moles of hydrogen

atoms; ncell is the number of stack cells; and MH2 is the

molar mass of hydrogen.

According to Eq. (2), the relationship between the FC

stack efficiency and FC output voltage can be further

inferred as

gstack �
Vcell

Cs

; ð3Þ

where Vcell is a single-cell voltage and Cs is a constant

related to stack efficiency.

Considering the required power of the auxiliary system,

the FC electric efficiency is calculated by

gfc ¼ ðPstack � Paux2Þ=Pstack; ð4Þ

where Paux2 is the power consumption of the FC controller

and auxiliary system.

Considering the unidirectional DC/DC converter effi-

ciency, the FC system efficiency is given as follows:

gFCs ¼ gstackgfcgDC=DC; ð5Þ

where gDC/DC is the unidirectional DC/DC converter

efficiency.

The relationship between the FC hydrogen consumption

rate CFC and the FC output power PFCs is expressed as

follows [17]:

CFC ¼ PFCs

EH2
gFCs

: ð6Þ

The hydrogen consumption rate of the FC system

obtained from the experimental and the fitting results are

shown in Fig. 3. And the polynomial fitting of the

hydrogen consumption curve obtains the simplified

expression of the hydrogen consumption rate of the FC

system [24, 25]:

CFCs ¼ a1P
2
FCs þ a2PFCs þ a3; ð7Þ

where a1, a2 and a3 are the polynomial fitting coefficients

of FC hydrogen consumption.

Table 1 Main parameters of the FC

Parameter Value

Rated power (kW) 150

Operating temperature (�C) 63

Output voltage (V) DC 440–710

Output current (A) 20–320

Rated operation point (V, A) (568, 267)

Maximum operation point (V, A) (550, 300)

Number of cells 762
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Fig. 2 Polarization curves of the FC
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Fig. 3 Instantaneous hydrogen consumption curve of FC systems
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2.2 Modeling of the SC system

The energy storage system of the hybrid power system is a

series–parallel SC system produced by Maxwell company.

The parameters are shown in Table. 2.

In order to obtain the charge and discharge internal

resistance of the SC system, it is assumed that the perfor-

mance of each SC module is equal, and the charge resis-

tance is equal to the discharge resistance. The single SC

system is charged with a 25 A intermittent current. The

charging curve and calculation of internal resistance of a

single SC are shown in Fig. 4.

Figure 4 shows the experimental data of a single SC. It

is assumed that all SCs have the same performance.

Table 2 shows the parameters of an SC module composed

of 11 series and 6 parallel single SCs.

The internal resistance RSC is calculated according to the

voltage and current during charging and the voltage when

charging is stopped [26]:

RSC ¼ ðU1 � U2Þ=ISC; ð8Þ

where U1 and U1 are the charging voltage and open-circuit

voltage, respectively; I and SC denotes the charging current.

The results are shown in Fig. 5.

According to Fig. 4 and Eq. (8), the relationship

between the internal resistance of the SC and the SOC is

obtained (see Fig. 5), and it is not difficult to find that the

internal resistance basically remains unchanged.

Based on the Rint model of the SC, the charging and

discharging efficiency of the SC can be calculated by

[27–29]

gchg ¼ 2=ð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� 4RSCPSC=U2
ocvÞ

q

Þ PSC\0

gdis ¼ 1=2ð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1� 4RSCPSC=U2
ocvÞ

q

Þ PSC [ 0

8
><

>:
;

ð9Þ

where gchg and gdis are the SC charging efficiency and

discharge efficiency, respectively; RSC is the SC internal

resistance; PSC is the SC output power; and Uocv is the SC

open-circuit voltage.

Since the energy used to drive the tram is provided by

the FC and SC, the internal consumption of the FC hybrid

power system also comes from the FC and SC. In order to

facilitate the analysis of the total hybrid power system

during the operation of the FC tram hydrogen consumption,

the charge and discharge energy of the supercapacitor is

equivalent to the hydrogen consumption, that is, the

instantaneous equivalent hydrogen consumption. The

instantaneous equivalent hydrogen consumption rate of the

SC system is calculated by the principle of equivalent

hydrogen consumption:

Table 2 Main parameters of the SC

Parameter Value

Capacity (F) 145

Rated voltage (V) 528

Absolute maximum current (A) 1400

Set number 66

Specific power (W/kg) 3300

Mass (kg) 670
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CSCs ¼
PSCsCFCs;avg=ðgdisgchgPfcs;avgÞ
PSCsgchggdisCFCs;avg=Pfcs;avg

(

; ð10Þ

where �gchg and �gdis are the SC charging efficiency and

discharge average efficiency, respectively; PSCs is output

power of the SC system; Pfcs,avg is output average power of

the FC system; CFCs,avg is hydrogen average consumption

rate of the FC system.

The relationship between the instantaneous equivalent

hydrogen consumption of the SC, output power and SOC is

shown in Fig. 6.

3 EMS for the hybrid tramways

To avoid the power shortage or excess of SCs, and improve

the durability of the FC and fuel economy, considering the

consistency of initial and final SOC state, we propose an

EMS for the FC/SC hybrid tramways based on dynamic

programming.

3.1 Principles of dynamic programming

DP is a method to solve multistage decision problems,

which can deal with nonlinearity and constraint problems

well [12, 14]. The multistage decision process can be

divided into several interrelated stages, the status of each

stage is defined as s1, s2,…, sn, and the alternative decisions

are u1, u2,…, un. In the kth stage (k 2[1,n]), under the

condition of decision uk, the changing relationship of the

system state from sk to sk?1 is shown in Eq. (11), where Tk
is the state transition matrix. The single-stage objective

function is gk(sk,uk), and the multistage objective function

is Jk(sk,uk). When the decision uk of each stage is selected,

it constitutes a decision sequence called strategy U, which

corresponds to a determined optimal effect Jn. Overall, the

multistage decision problem is to find the strategy Uopt

which makes this effect Jn the best. The multistage deci-

sion is shown in Fig. 7.

skþ1 ¼ Tkðsk; ukÞ: ð11Þ

The cumulative calculation of the objective function of

the multistage decision problem is expressed as follows:

Jn ¼ Jn�1 þ gnðsn; unÞ: ð12Þ

Therefore, solving multistage decision problem based on

DP includes two parts:

A. Reversed calculation:

JkðskÞ ¼ optfgðsk; ukÞ þ Jkþ1ðskþ1Þg; k ¼ n; n� 1; . . .; 1
JnðsnÞ ¼ gðsn; unÞ

�

;

ð13Þ

B. Forward calculation:

JkðskÞ ¼ optfgðskþ1; ukÞ þ Jk�1ðskÞg; k ¼ 1,2,. . ., n
J0ðs1Þ ¼ 0

�

;

ð14Þ
Jmin ¼ optf S;U; n;Tg ; ð15Þ

where S is the optimal state sequence of each stage, U is the

optimal decision sequence of each stage, and T is the state

transition matrix.

3.2 Discretization of state and decision

Discretize the operating conditions of the tram, the total

operating time is n seconds, and the time interval is 1 s to

obtain the total number of stages n of the FC/SC hybrid

power system, and stage k is the k seconds of the operating

conditions.

According to the FC/SC hybrid power system model, the

SOC of the SC (SOC(k)) is selected as the state variable

s(k) of the system, and the output power of the FC (PFC(k))

is used as the decision variable u(k) of the system to realize

the power distribution in different stages.

During the operation of the hybrid power system, the

SOC needs to be maintained within a certain range to

ensure that the SC runs in the best condition. Control the

SOC threshold within 80% and 40%, and set the ideal point

SOC to 70% in this work to improve the durability of the

SC and obtain energy from regenerative braking. The

constraints and discretization of SCs are as follows:

Objective

State

Decision u1

Time
Stage 2 Stage k Stage n

u2 uk un
s1 s2 s3 sn

T(s1,u1) T(s2,u2) T(s,u) T(sn,un)

J1=g(s1,u1) J2=J1+g(s2,u2) Jk=Jk-1+g(sk,uk) Jn=Jn-1+g(sn,un)

Stage 1

Fig. 7 Diagram of multistage decision

-2
300

0

2

1.0

4

0.8

6

60

SOC

0

8

0.4-180 0.0

Output power (kW)

E
q

u
iv

al
en

t
h
y

d
ro

g
e n

co
n
su

m
p
ti

o
n

( g
/s

)

Fig. 6 Instantaneous hydrogen consumption of SCs

Energy management strategy based on dynamic programming with durability extension for fuel… 303

123Rail. Eng. Science (2021) 29(3):299–313



sðkÞ ¼ SOCL : Ds : SOCH

SOC0 ¼ SOCn

SOCL � sðkÞ� SOCH

Pchg max �PSCs �Pdis max

8
>>><

>>>:

; ð16Þ

where s(k) is the stage k state of SOC; SOCL and SOCH are

the lower and upper thresholds; Ds is the discrete interval

of SOC, which is 0.2%; SOC0 and SOCn are the initial and

final values of SOC, which are 70%; Pchg_max is the max-

imum charging power, which is 500 kW; Pdis_max is the

maximum discharging power, which is -500 kW.

Moreover, the SOC is related to its current operating

state, then the state change of a stage can be obtained

according to the required power:

SOCðk þ 1ÞH ¼ SOCðkÞ � ISCs minðkÞ=QSCs;PSCs � 0

SOCðk þ 1ÞL = SOCðkÞ � ISCs minðkÞ=QSCs; PSCs [ 0

(

;

ð17Þ

where SOC(k ? 1)H and SOC(k ? 1)L are the upper and

lower limits of the next state SOC, respectively, which is

determined by SOC(k); ISCs_min(k) is the minimum current

of SC at stage k; QSCs is the real-time capacity of the SC

system.

The output power of the FC as the decision quantity

needs to be discretized to ensure the reasonable power

allocation of the hybrid power system:

uðkÞ ¼ PFC min : Du : PFC max

PFC min �PFC �PFC max

DPFCðkÞj j �DPFC max

8
><

>:
; ð18Þ

where PFC_min (20 kW) and PFC_max (270 kW) are the

minimum power and maximum power outputs of the FC,

respectively; Du is the discrete interval of the single stage

of the state variable PFC, which is 2 kW; DPFC_max is the

maximum output power change rate of the FC at stage k,

which is 80 kW.

3.3 Objective function

The objective function reflects the performance of the

system when the FC outputs different powers at stage k,

and the range of the SC SOC(k ? 1) that may reach the

next state.

The hydrogen consumption of the FC–SC hybrid power

system consists of the equivalent hydrogen consumption of

the FC hydrogen consumption and the SC energy con-

sumption. According to Eqs. (7) and (10), the instantaneous

hydrogen at stage k of the FC hybrid power system is

obtained as

CsysðkÞ ¼ CFCsðkÞ þ CSCsðkÞ; ð19Þ

where Csys(k) is the equivalent hydrogen consumption of

the system at stage k; CFCs(k) is the hydrogen consumption

of the FC at stage k; CSCs(k) is the equivalent hydrogen

consumption of the SC at stage k.

In addition, the FC power change rate will be too high

when accelerating and braking the tramway, which leads to

the decline of FC service life [22]. Therefore, this work

introduces the penalty coefficient a of the FC power change

rate limit in the objective function:

DPFCðkÞ2 ¼ aðPFCðkÞ � PFCðk � 1ÞÞ2: ð20Þ

In summary, g(sk,uk) is the single-step objective function

of stage k and J(sk,uk) is the cumulative objective function

of stage k, which are expressed as

gðsk; ukÞ ¼ CsysðkÞ þ DPFCðkÞ2

Jðsk; ukÞ ¼ gðsk; ukÞ þ Jðsk�1; uk�1Þ

(

: ð21Þ

3.4 Optimal power distribution

Optimal power distribution refers to the optimal output

power distribution between FCs and SCs, and its purpose is

to reduce the total hydrogen consumption of the hybrid

power system and improve the durability of the fuel cell.

According to the analysis in Sects. 3.1 and 3.2, the basic

idea of global optimization solution based on DP is shown

in Fig. 8, where the time axis of the working condition is

discretized into n stages, and the vertical axis is quantized

as n different system states. The initial state and the end

state of the SOC are constrained to be 70%. Further, the

minimum cost function of all possible states at each stage

and the optimal power output of FCs are determined by

inverse calculation, and then the optimal output power

sequence and the optimal system state sequence in the

forward direction are generated according to the initial

state of the system.

Figure 8 shows the DP reverse calculation process,

where the terminal SOC state is SOCn,1; SOCk,j represents

the jth reachable state at stage k; uk,j (PFC(k)) represents the

jth feasible decision at stage k, i.e., the FC output power;

g(sk,uk,3) denotes the solution value when the decision is

uk,3 under sk at stage k; J(sk,uk,3) represents the cumulative

function value when the decision is uk,3 under sk at stage

k. The specific steps of the reverse calculation are as

follows:

Step 1 Calculate the value of the single-step cost

function for all feasible states of SOCn,1 transition to

stage n-1.

Step 2 Calculate the single-step cost function value in all

states from stage n-1 to stage n-2. Take this step until

the minimum value of Jn-2,j at stage n-2 is obtained,

304 S. Tao et al.

123 Rail. Eng. Science (2021) 29(3):299–313



when Jn-2,j at the storage stage n-2 is matched with the

corresponding state k and decision PFC(k).

Step 3 Repeat the operation of Step 2 for other stages

until reaching SOC0,1; the initial state of the tramway

satisfies SOC0,1 = SOCn,1 at stage 0, and the corre-

sponding J0,1 is the global minimum cost function value.

Through reverse global optimization calculation, the

effective SOC at each stage records the minimum cost

function of the path and the corresponding SOC of the

previous stage. Based on this, the forward optimization of

DP can be performed to obtain the optimal power distri-

bution of the FC hybrid power system.

Figure 9 shows the forward optimization calculation

process of DP. The optimal decision sequence U in the

entire working condition cycle is obtained based on that.

The specific process of forward optimization is as follows:

(1) According to the inverse calculation results, the SOC

state s1,j, FC output power u1,j and minimum objec-

tive function g(s1,j,u1,j) of stage 1 are obtained.

(2) Calculate the SOC state s2,j, FC output power u2,j and

minimum objective function g(s2,j,u2,j) of stage 2

according to s1,j and u1,j obtained in (1).

Repeat the operation of Step (2) for other stages until

reaching SOCn,1, the end state of tramway at stage n satis-

fies SOC0,1 = SOCn,1, and the corresponding U is the

global optimal strategy sequence set.

The optimal power distribution of the FC hybrid power

system for tramways based on DP is shown as shown in

Fig. 10.

Set the initial SOC0 to 70% and the terminal SOCn to

70%. It can be seen from Eq. (21) that different penalty

coefficients a will lead to different power distribution

results. Therefore, this work calculates different penalty

coefficients a with DP, and the results are shown in

Figs. 11 and 12.

3.5 DP–SMS–based EMS

However, the power allocation results based on the DP

solution are offline optimal, which cannot meet the needs

of real-time management. Therefore, the SMS is intro-

duced, and the offline optimal power allocation results are

utilized to update the threshold value of each state in the

state machine to realize real-time management of the out-

put power of the FC and SC; i.e., DP is used to optimize the

threshold of the SMS.

The traditional SMS divides the system into multilayer

working modes according to the set standards, and each

layer of working mode is divided into multiple sub-modes.

The energy flow path for each sub-mode has its own
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characteristics, also known as the hierarchical control

mode. In this work, the SOC is divided into three ranges:

low SOC (\ 40%), medium SOC (40%–80%) and high

SOC ([ 80%). The sub-modes in each SOC range set the

threshold on the basis of DP, and then distribute the output

power of FC and SC. The DP-SMS is shown in Fig. 13,

where modes 1–10 fall into three states.

State 1: SOC of the supercapacitor is lower than 40%

In this state, the energy storage of the SC is too low, and

it should work in a charged state as much as possible.

Meanwhile, the FC maintains a relatively stable output

power to avoid insufficient power during periods of high

power demand.

Mode 1:PFC_ref = PFC_opt ifPbus ? PSC_chgmax B PFC_opt,

Mode 2: PFC_ref = PFC_opt if Pbus ? PSC_chgmax B PFC_max,

Mode 3:PFC_ref = PFC_max ifPbus ? PSC_chgmax[PFC_max,

where PFC_ref is the reference value of FC output power;

PFC_opt is the optimal FC output power; Pbus is the power

required by the load; PSC_chgmax is the maximum SC

charging power; PFC_max is the maximum FC output power.

State 2: SOC of the supercapacitor is constrained

between 40 and 80%.

The SOC should be kept within this range, the FC should

output the optimal power, and the power shortage is

provided by the SC.

Mode 4: PFC_ref = PFC_min if Pbus ? PSC_chgopt-

\ PFC_opt,

Mode 5: PFC_ref = Pbus if Pbus B PFC_opt,

Mode 6: PFC_ref = PFC_opt if Pbus B PFC_max,

Mode 7: PFC_ref = PFC_opt ? DPFC if Pbus[PFC_max,

where PFC_min is the minimum FC output power; DPFC is

the rate of change of FC output power.

State 3: SOC of the supercapacitor is greater than 80%.

At this time, the SC has sufficient energy and the FC

outputs the optimal power, thereby reducing the hydrogen

consumption of the system; if the FC output power is

insufficient, the output power of the SC will increase.

Mode 8: PFC_ref = PFC_min if Pbus\ PFC_opt,

Mode 9: PFC_ref = PFC_opt if Pbus B PFC_max,

Mode 10: PFC_ref = PFC_opt if Pbus[ PFC_max.
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4 Results and discussions

4.1 RT-LAB experimental platform

Based on the structural parameters of the FC–SC hybrid

tramway, this work builds the experimental model of the

hybrid system, including the FC system, SC system,

DC/DC converter, traction inverter, traction motor, etc.,

which is processed in real-time by the RT-LAB experi-

mental system and transmitted to the RT-LAB target

OP5600 through TCP/IP communication, as shown in

Fig. 14. The EMS controller is connected with the RT-

LAB target computer for information exchange, and the

whole operation process of the system is monitored by the

host computer.

4.2 Verification and analysis

In order to verify the effectiveness and adaptability of the

proposed EMS under different operating conditions, a

semi-physical experimental platform is built, and the

experiments are performed in actual operating conditions,

and combined with DP-SMS-based EMS. The initial SOC

value of the capacitor is 70%, and the target SOC value is

68% to 72%.

4.2.1 Tram operating case 1

Figure 15 shows the demand power curve of the tram in

actual operating condition 1. It consists of several sym-

metrical round-trip paths and lasts 705 s. The required

maximum power is about 750 kW, and the minimum is

about 380 kW. The experimental results of the proposed

EMS are shown in Figs. 16–22.

Figures 16, 17 and 18 show the results of power distri-

bution under the three methods. In the traction stage, the

FC is used as the main power, and the SC is used as the

backup power; they supply the DC bus and then drive the
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tramway. While in the braking stage, the SC recovers the

braking energy, and the FC outputs power to ensure the

normal operation of the auxiliary system. At this time,

because the discharge and charging current of the SC are

affected by the bidirectional DC/DC, part of the braking

recovery power is consumed by the braking resistor;

therefore, all three methods can meet the power demand of

the hybrid tramway.

The output power of the FC is compared under the three

methods, revealing that the DP-based EMS fluctuates less;

the SMS-based EMS tends to supply the tramway by the

FC but the power fluctuates greatly, while the output power

is the smoothest and has the least fluctuation.

When the operating conditions of the trams change, the

FC hybrid power system changes the frequency of the FC

output power to meet the system requirements. The smaller

frequency is conducive to prolonging the service life of the

power source. In order to analyze the impact of different

EMSs on FC operating pressure, the Haar wavelet trans-

form is used to decompose the FC output power into high-

frequency and low-frequency parts. The standard deviation

r of the high-frequency part can well indicate the fre-

quency of the power supply use. Figure 21 shows the

results of the FC operating pressure analysis under DP-

SMS, DP and SMS. It is shown in Fig. 21 that the FC

output power fluctuates the least under the DP-SMS with

r = 5.2738, which improves the durability of the FC and

prolongs its service life.

In addition to focusing on the operation of the FC, this

work compares the SOC of the SC as well. It can be seen

from Fig. 22 that the SMS-based EMS can keep the SOC

within the safe range, but the constraint force of SOC is

weaker; the DP-based EMS can achieve initial and final

SOC consistency, which means a stronger constraint force;

the constraint force of DP-SMS-based EMS is in the

middle, and the control effect is good.

Finally, this work compares the hydrogen consumption

to verify the economy of the tramway system, as shown in

Fig. 23. The results show that the DP-SMS hydrogen
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consumption is lower than that of SMS-based EMS and are

very similar to that of DP-based EMS.

Table 3 summarizes the results of the comparison. The

hydrogen consumption of DP-SMS-based EMS is reduced

by 14.91% compared with SMS-based EMS, as well as the

control effect of the SOC. Therefore, the DP-SMS-based

EMS of the FC–SC hybrid system proposed has obvious

advantages in hydrogen consumption and SOC

maintenance.

4.2.2 Tram operating case 2

Figure 23 shows the demand power curve of the tram in

actual operating condition 2. It consists of several sym-

metrical round-trip paths and lasts 800 s. The required

maximum power is about 780 kW and the minimum is

about 240 kW. The experimental results of the proposed

EMS are shown in Figs. 24–29.

The experiment results of case 2 are shown in Figs. 24–

30. The hydrogen consumption, SOC changes, and the FC

system performance with deferent control methods are

presented in Table 4. It can be seen from the above results

that the method still has good performance under different

tram operating conditions, which proves that the method

still has superior robustness under uncertain operating

conditions.

From the above analysis, it can be seen that based on the

DP and SMS, the FC–SC hybrid optimal power distribution

method can reasonably allocate the output power of the

main and auxiliary power sources to ensure the normal

running of the tram. Compared with the SMS, the proposed

method can better control the SOC of the lithium battery

system, improve the durability of the FC system, and

reduce the hydrogen consumption; compared to DP, it

improves the durability of the FC system and realizes real-

time management of the output power of FCs and SCs.

Table 3 Comparison of hydrogen consumption for case 1

Parameter SMS DP DP–SMS

Hydrogen consumption (g) 852.46 695.46 725.34

Initial SOC (%) 70 70 70

Final SOC (%) 75.02 70 69.33
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5 Conclusions

A new EMS is developed for an FC–SC hybrid power,

which equalizes the energy consumed by the SC to

hydrogen, considers the durability of FC, optimizes the

overall fuel of the system, reduces the fluctuation of the

FC, and makes the FC operate more in high-efficiency part.

It uses DP to optimize the setting threshold of the SMS and

is able to make up for the disadvantages of DP: not suited

to real-time control and slow calculation time. In order to

verify the effectiveness and stability of the proposed

method, the tram is operated under a real-time simulation

platform built by RT-LAB with two different operating

conditions. Compared with that of the SMS-based EMS,

the hydrogen consumption of the DP-SMS is reduced by

14.91% in case 1 and 18.82% in case 2, while the fluctu-

ation of FC output power is smaller than that in the DP-

based EMS. In general, the proposed EMS significantly

improves hydrogen consumption and moreover improves

the durability of the FC system, and ensures that the SOC is

in an ideal range.
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