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Abstract: This study developed and implemented a LiFePOy battery pack (LBP) rapid charger.
Using the three-terminal switch and partnership for a new generation of vehicles (PNGV) battery
models, this study could obtain a small-signal system matrix to derive transfer functions and further
analyze frequency responses for the charge voltage and current loops; therefore, both voltage
and current feedback controllers could be designed to fulfill the constant-voltage (CV) and
constant-current (CC) charges. To address practical applications, the proposed equivalent model also
considered the wire resistance-inductance of the power cable. According to the derived high-order
transfer function, the pole-zero break frequency in the Bode plot was observed that approximated
the practical measurement; therefore, the pole-zero compensation could be accomplished for
both charge loop requirements. Moreover, the design features for implementing the CV and
CC charges are presented in detail herein, and the current overshoot during the start-up phase
could be mitigated using the method of zero break frequency shifting and a novel proportional
shifting proportional-integral control. The LBP parameter estimations, model construction processes,
and frequency response analyses are also presented. The feedback compensation design based on the
proposed model was validated through simulations and experiments. The results were determined
to be in excellent agreement with theoretical derivations.

Keywords: rapid charger; PNGV battery model; three-terminal switch model; small-signal;
proportional shifting proportional-integral control

1. Introduction

The greenhouse effect, resulting in climate change, has become a major problem, and ecofriendly
technologies for producing clean energy are paramount to alleviating greenhouse gas emissions.
Commonly-used rechargeable batteries including lead-acid, Ni-Cd, Ni-MH, and Li-ion batteries have
been applied in smartphones, laptops, electric screwdrivers, and other portable instruments as well as
in electric forklifts and other electric vehicles. Compared with other secondary batteries, Li-ion batteries
have the highest power and energy density [1]; therefore, Li-ion cells inside a battery pack are a suitable
choice for electric vehicles [1-3].

The Lithium iron phosphate (LiFePOy) is suitable for the positive electrode material in
batteries because the strong P-O covalent bonds in the LiFePO, lattices do not decompose easily.
The LiFePO, battery possesses excellent thermal stability; even under high-temperature or overcharge
conditions, they rarely overheat because the LiFePOy lattice does not easily collapse and oxidize.
Moreover, LiFePOy batteries are suitable for powering electric vehicles because they offer multicycle
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charge/discharge and nontoxicity [4-6]. However, the energy density of LiFePOy battery is lower than
LiMn,0O4 and LiCoO; batteries.

The constant-voltage (CV) and constant-current (CC) outputs of rapid chargers are necessary
functions for the charge of large-capacity LiFePO, battery pack (LBP). To accomplish CV and CC
charges, the voltage feedback controller (VFC) and current feedback controller (CFC) must be designed
based on the frequency responses of charge loops. The battery electrical model is a critical role
because a suitable model can present a practical frequency response. The suitable electrical model for
a Li-ion battery include the R+ model, the resistance—capacitance (RC) model, the Thevenin model,
the modified Thevenin model, and the Partnership for a New Generation of Vehicles (PNGV) battery
model [7-9]. The PNGV battery model [10-12] was adopted in this study because its parameters can
be estimated using the pulse-current charge method to obtain the battery voltage-time characteristic,
and the formula for the electric charge can be adopted to calculate the model parameter [10].

In this study, the developed LBP rapid charger (LBPRC) comprised a safety-standard circuit,
a power factor corrector, and a DC-DC converter. The topology of the DC-DC converter was
a phase-shifted full-bridge with parallel current-doubler rectification (PSFB-PCDR) incorporating
the VFC and CFC to achieve the CV or CC output mode. In addition, a three-terminal switch (TTS)
model was applied to simplify the PSFB-PCDR [13—-15]. Moreover, studies [16-19] have mentioned
several charge strategies for rechargeable batteries. In [16], the power stage topology of the battery
charger was a boost converter, which could step up the low input voltage from the photovoltaic cell,
and using the control technologies of the maximum power point tracking and the pulse-charge scheme,
the fast maximum power point tracking could be achieved during a narrow charge period. In [17],
the battery charge combined the bridgeless power factor correction (PFC) with the PSFB converter;
this power topology design could easily achieve the series or parallel combination of battery charger
for electric vehicle applications. Moreover, the CC—CC—CV charge strategy was applied; this charge
method should be effective to extend the LiFePO;, battery lifespan. In [18], a two-switch buck converter
was used as the power stage topology, which could be applied in an electrically controlled pneumatic
brake system; the CC—CV charge strategy was implemented to charge the LiFePOy battery. In [19],
the series resonant converter with the synchronous rectification was the power stage topology of
battery charger; the charge strategy adopted the CC—CV method. From [16-19], comparisons of power
converter topologies and charge strategies are listed in Table 1.

Table 1. Comparisons of power converter topologies and charge strategies.

Reference [16] [17] [18] [19] This Work
Application Ph:}t](;:eorgalc Electric vehicle Railway Not mentioned Electric vehicle
. Series resonant
Power stage Bridgeless PFC converter and PFC and
Boost and PSFB Buck
topology synchronous PSFB-PCDR
converter P
rectification
Battery Lead-acid LiFePOy LiFePOy LiFePOy LiFePOy
Electrical
modelof Not mentioned  Not mentioned  Not mentioned = Not mentioned PN(;JH\LZZ?HY
battery
Charge strategy =~ CC-CV-pulse CcC-CCc-Ccv cc-cv cc-Ccv CcC-Cv
VFC design Not mentioned ~ Not mentioned Not mentioned Not mentioned Proportional-integral
(PI) control
CFC design Not mentioned  Not mentioned Not mentioned Not mentioned Pl control and

novel PSPI control

Some previous studies [20-22] adopted the simple Rjy+ model or the RC battery model to establish
the system small-signal model; however, this simple, one-order battery model cannot reflect the
practical frequency response and the break frequency, and therefore, the pole-zero compensation and
the dynamic characteristic improvement could not be performed precisely. In this study, the high-order
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transfer function (TF) was established to ameliorate the deficiencies of the previous studies [20-22],
and the scheme of current overshoot mitigation using a new proportional shifting proportional-integral
(PSPI) control can be achieved. Table 2 presents a comparison of the developed method in the present
study with other charger technologies and control methods.

Table 2. Comparisons of charger technologies and control methods.

Reference [20] [21] [22] This Work
Battery type (cell or pack) Pack Single cell Single cell Pack
Battery electrical model Simple (Rint model) ~ Simple (RC model) ~ Simple (RC model) C;;gsi;xn(ggg)v
TF order of charger incorporating 2 5 2 5
battery

. . . . . Detailed
Small-signal analysis for CV charge Brief survey Brief survey Brief survey explanation

. . . . . Detailed
Small-signal analysis for CC charge Brief survey Brief survey Brief survey explanation

Simulation and

Bode plot Simulation Simulation Simulation practical
measurement
Voltage-loop compensation Simple design Simple design Simple design Complete design
Current-loop compensation Simple design Simple design Simple design Complete design
Mitigation of start-up current Not mentioned Not mentioned Not mentioned Novel PSPI control

overshoot

This paper is divided into seven sections. Section 2 discusses the PNGV battery model with
parameter estimation. In Section 3, the PSFB-PCDR employs the TTS model incorporating PNGV
battery model to establish the system matrix. Frequency response simulations are provided in Section 4.
The CV and CC feedback controllers designed on the basis of these simulations are presented in
Section 5, and measurements and experimental results are presented in Section 6. The concluding
remarks and primary contributions of this study are given in Section 7.

2. Estimating PNGYV Battery Model Parameters

A PNGYV battery model representing the LBP is depicted in Figure 1. The model includes
a polarization capacity capacitance C;, a battery capacity capacitance Cy, a polarization internal
resistance Ry, an ohmic internal resistance R,;,, and an open-circuit voltage v,y [8,10,12,23,24].

R,
S=STWT
lbat _||t_ Cx

Viat

oir

Figure 1. PNGV battery model.

Figure 2a illustrates the system measurement configuration for estimating the parameter of the
PNGYV battery model. The LBPRC inlet was an AC source input, and the positive/negative electrode
of the LBP was connected to the LBPRC outlet. The voltage-date collector GL240 (Graphtec Corp.,
Totsuka-ku, Yokohama, Japan) can be used to record the LBP voltages every 10 ms (the minimum
sampling time of the GL240) and transmit them to the computer via USB; therefore, the LBP adopting
a pulse-current charge method can obtain the voltage-time characteristics, as depicted in Figure 2b.
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Both results produced by the charge equation and the Ohm’s law can be used to calculate the parameter
of the PNGYV battery model.

Tpar
4+ <« Pulse-current

Voltage-data collector peak
Vbat A >
= USB interface Vs
oV
AC 6\2 LBPRC [* v L v
Source . H
\a i
v P—
LBP Computer ot 13 2 "
A "
Charging start Charging stop

(b)

Figure 2. Parameter measurement of PNGV battery model. (a) Measurement configuration diagram.
(b) Voltage—time characteristic using pulse-current charge.

2.1. Battery Capacity Capacitance

In this study, Cy represents the LBP capacity that can be expressed as Cy = ip,; X At/ Avyy [10],
this equation is from the charge AQ = Cy X Avyy = iy X At; the Avyy is the LBP voltage variation
with the time interval At; the iy, is the pulse-current peak. During the time interval [f;:t3], the LBP is
charged by a pulse-current, hence the At equals to t3 — t,. Moreover, because of the LBP is affected
by the tardy ion diffusion process, the LBP open-loop voltage needs an emancipated time to recovery
after the charge stop, and therefore, the Avy,; equals to the LBP’s voltage difference vs—v; (Figure 2b).
As a result, the C, can be rewritten as follows:

Cx = ipgt At/ Dvygy = iy (t3 — £2) /(05 — v1) 1)

It is noticeable that the LBP voltage from v3 to v4 has a time delay from f3 to t}, because the
minimum sampling time of the GL240 should be considered. However, this time delay does not affect
the C, estimation.

2.2. Ohmic Internal Resistance

When the Li-ion battery is charged or discharged, migratory electrons pass through metallic
elements and chemical materials; these substances inside the Li-ion batteries are similar to a resistance
obstructing the electron movement, hence the PNGB battery model using the R,;, (Figure 1) represents
the LBP internal resistance. Moreover, the phenomenon of ohmic voltage drops occurring at the charge
start (at t;) and stop (at t3) times are caused by the R,;;; at f; and f3, the R,;, can be expressed as the
Roir(sty and Rojy(sp), respectively. According to the literature [10] and Ohm’s law, the R;(sy) and Roir(sp)
are respectively expressed as follows:

Roir(st) = (v2 —v1)/ipar (2)

Roir(sp) = (v3 — 04)/ipat 3)

where v, — v1 and v3 — vy represent the LBP voltage differences. From practical measurement
and estimation, Ry;,(s) can approximate to Ryir(sp)- To simplify this study derivations, the equation
[Roir(st) + Roir(sp)]l/2 can be used to obtain an average R,;, for further analyses and designs.
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2.3. Polarization Capacity Capacitance and Internal Resistance

Because of the charge transfer and diffusion of electrochemical reaction inside the battery, the v,
exponentially changes to v, during the time interval [t}:t; ]. Moreover, the resistance—capacitance
time constant T can be obtained by the Ry x C;, this rule can refer to the literature [7,10,25]. From [10],
Ct can be expressed as T/R;, R; can be calculated as follows:

R; = (v5 — 02)/ipg- 4)

The time constant T was undefined in [10]. However, according to the definition of the
resistance—capacitance time constant, complete response of an exponential corresponds to 57, hence the
"

capacitance can be charged to 95% of the applied voltage. In this study, the 57 = t, — t} is defined.
Therefore, substituting the 5t = t; — t} and C; = 7/R; can yield an expression as follows:

Ci = (3 — ) /5R; 5)

It is noticeable that the LBP voltage from v; to v; has a time delay from t, to t}, because the
minimum sampling time of the GL240 should be considered. However, this time delay does not affect
both R; and C; estimations.

2.4. Open-Circuit Voltage

Uocv can be regarded as a short circuit in the small-signal analysis. Therefore, the vy is irrelevant
to the parameter estimation in this study.

2.5. Battery Specification and Measurement

In this study, the model number of the LiFePOy cell is LYS4882160S(3005) (Lyang Energy
Tech. Corp., Dongguan, China), and its specifications are listed in Table 3. As shown in Figure 2,
the pulse-current peak was set to 17.5 A (0.5 C). For state of charges (SOCs) 30%, 50%, and 70%,
the measured voltage-time characteristics are presented in Figure 3. The voltages and times are
recorded in Table 4 in line with the definition in Figure 2b. Substitution of Table 4 parameters into
(1)-(5) could yield the parameters for the PNGV battery model that listed in Table 5. SOCs 30%, 50%,
and 70%, were selected, the reasons explained as follows: First, for the LBP, its equivalent electrical
parameters based on the PNGV battery model should be measured to observe the system responses
for the low, half, and high SOCs. Second, for the LBPRC, the charge system would result in different
frequency responses under the light, medium, and heavy loads.

Table 3. Specifications of LiFePOy battery and LPBRC.

Description Specification
Single-Cell
Model number LYS4882160S (3005)
Charge voltage 3.65V
Capacity in 1C 35 Ah
LBP
Series cell 8
SOC 30% voltage 26.92'V (at 0.5C charge)
SOC 50% voltage 27.05V (at 0.5C charge)
SOC 70% voltage 27.23 V (at 0.5C charge)
LBPRC
AC input voltage 230 Vims
Line frequency 60 Hz
Maximum output voltage 30V
Maximum output current 35A

Maximum output power 1050 W
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Table 4. Records of voltages and times.

SOC 30% SOC 50% SOC 70%
Notation
Time (s) Voltage (V) Time (s) Voltage (V) Time (s) Voltage (V)
h oo 0 26.23 0 2641 0 26.61
ty U1 10.00 26.23 10.00 26.23 10.00 26.23
ts (2] 10.01 26.53 10.01 26.82 10.01 27.02
t" v’y 13.61 26.81 11.83 26.93 11.20 27.11
t3 U3 20.31 26.92 20.28 27.05 20.35 27.23
'3 Uy 20.32 26.50 20.29 26.67 20.36 26.88
ty U5 60.00 26.25 60.00 26.43 60.00 26.63
Table 5. Parameter value of PNGV battery model.

SOC C: () Ryirien MO Rpirep) (M) Ryiy (mQ) R (mQ) G (F)

30% 9021.3 17.1 24.0 20.6 16.0 83.8

50% 8995.0 234 21.7 22.6 6.3 58.0

70% 9056.3 234 20.0 22.2 5.1 46.7
Average 9024.3 21.3 239 21.8 9.1 62.8

27.4 A

272 . == SOC 30%
= 27 /’ —S0C 50%
Z se+2+SOC 70%
g 2638 -
§ 26.6 o ©© Moo o ....”‘.‘.”0'0“000.0‘0
=
> 26.4 -pe—ttm—

26.2 A

26 1 1 1 Ll Ll 1

0 10 20 30 40 50 60
Time (s)

Figure 3. Voltage—time characteristics for a LiFePOy battery pack (LBP) at states of charge (SOCs) 30%,
50%, and 70%.

3. Small-Signal System Matrix

Figure 4a depicts the PSFB-PCDR circuit, including the DC input source Vs, power switches
Qq to Qy, a blocking capacitance Cp, a transformer T1, rectification diodes Dﬂ to Df4, current-doubler
inductances “L.4,1 to Lz4”, and an output capacitance C,. The positive and negative electrodes
of the LBP are respectively connected to the PSFB-PCDR outlets 0; and 0,. Figure 4b presents the
operating timing diagram of PSFB-PCDR that includes the driving signals v, to v, for Q, to Q; and
the primary-side voltage vy, across T1; the Ty, is the operating switching period for v, to vy; the d;
represents the PSFB-PCDR operating duty cycle ratio.

In Figure 4, the TTS model can replace the circuit inside the a-frame, as illustrated in Figure 5a.
This model has a dependent voltage source v, two current sources (ir; and 7,2), and a resistance Regs.
The Vs can be reflected to the T7 secondary side becoming vy, as follows:

Uy = Vinpsdy/n (6)

where n is the Ty turns ratio, it equals to the formula N, /Ns1 = Ny /Nso.
The rising and falling slopes of the T; input current indicate that they are affected by the
PSFB-PCDR operating switching frequency fs, and transformer leakage inductance L. According to
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the method from the [15], using an equivalent resistance R can model the slope change.
Therefore, the Ry is given by

Reqs = kasw/(znz) (7)
a-frame _=

W ! ! >
Vo & | |

L i I I 3 » !
Veh | |

coR | [ | .
VdA_.—|‘ }

Lears % I 3 » !
Vip i 3

ol m— —.

Figure 4. PSFB-PCDR circuit schematic and operating timing. (a) Circuit scheme. (b) Operating
timing diagram.

Because of fs, Ly and n are fixative values in the design, and the derivation of the system transfer
function will focus on the LPBRC output voltage and current to the operating duty cycle; therefore,
using (7) to represent the dynamic influence of L can be acceptable.

The PSFB-PCDR secondary-side operations can be regarded as the buck converter, and the L4,
to L.gr4 have the same inductance value; therefore, the four inductances can be treated as parallel
connections, and they can be expressed as an inductance L4,. As a result, the output inductance
L, equals to L4 /4 [13,14,26]. Moreover, the C, contains an equivalent series resistance Res;.

A CV or CC power replenishes the LBP by way of the power cable; the wire resistance-inductance
would influence the gain and phase of the system frequency response. Therefore, the model
considers the wire resistance R, and inductance L., which lie between the PSFB-PCDR outlet and LBP.
The illustration in Figure 5b is an equivalent circuit.

In Figure 5b, the R connects with the R,; in series; hence, R. + R, equal to Ry. The final
equivalent circuit, depicted in Figure 5c¢, is in accordance with these conditions. Using Kirchhoff’s
voltage and current laws and the mesh-current method, the loop equations can be obtained as follows:

0y = Regsip + 0o + Resr (ip — ipar) + Vco (8)
Resr(ip - ibut) + Uco = UL + Uct + Rylpgr + Ucx )
ico = ip - ibat (10)

Oct = Rt(ibﬂt — i,;t). (11)

The LBPRC voltage can be expressed as:
Upat = Vet + Ruipgs + Vcx- (12)

Substitution of (6) and vy, = Lo(diy/dt) in (8), v = Le(dipe/dt) in (9), and ic; = Ci(dv/dt) in (11),
the state-space representations can be expressed as follows:

dip/dt = (1/Lo)[(dyVinps/n) — (Regs 4 Resr)ip 4 Resripar — Veo) (13)
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docy/dt = (1/Ct)[(ipar — (vet/ Rt)]
dvcy /dt = ipg /Cy.

dibat/dt = (1/Lc>[Resrip + Voo — (Resr + Rx>ibat — Oct — ch]
doce/dt = (1/Co)(ip — ipat)

8 of 28

(14)
(15)
(16)
(17)

The state-space variables can accede to a DC value plus a small-signal perturbation; therefore,
substitution of iy = Iy +ip, ipat = lpat +ipar, Vo = Vco +0co, vt = Vit +0¢t, and vey = Vy +0cy into

(13)-(17) can yield the small-signal system matrix of PSFB-PCDR as follows:

iy

?Co
ibat
oct
6Cx

an
a1

+ B@: asq

a4
as1

a1
az
asz
a4
asp

~ ~ T
vbut:C[lp OCo pat OcCt UCx} :[61 2

. _ _ T
lbat:E[lp Uco  lpat Uct UCx} 2{61 e

a13
a3
ass
a43
as3

ai4
a4
as4
aq4
as4

a5
ass
ass
a5
ass

C3 (4 C5}|i?p

€3 €4 65}{1}7

ip

?Co
ibut
Uct
27Cx

5Co

27Co

Lpat

Tpat

Uct

d,  (18)

oo | (19)

T
Uct UCX} (20)

where x'1= diy /dt, X'y = doc,/dt, X'3 = dipg; /dt, X's = dOc;/dt, and x's = dOc, /dt. The calculations for
the elements in matrices A, B, C, and E are listed in Table 6.

Vinps

TTS model

|
|
l

PNGYV battery model

Wire resistance- |

inductance

(b)

Figure 5. PSFB-PCDR equivalent model. (a) Three-terminal switch (TTS) model. (b) TTS model
combines the wire resistance-inductance and the PNGV battery model. (c) Final equivalent circuit.

Table 6. Element calculations for matrices A, B, C, and E.

Notation Equation
an a2 m3 a4 a5 —(Regs + Resr) /Lo -1/Ly Resr /Lo 0 0
ax 4p A3 A4y G5 1/C, 0 -1/C, 0 0
a3l az as3 a3y ass Resr/Le 1/Lc —(Resr + Rx)/Lc —1/L¢ —1/L¢
R O S N Ve 1 0 0 1/C —1/ReCy 0
asy  A4sp  A53 54 455 0 0 1/Cy 0 0
b] b2 h3 b4 b5 Vinps /nL, 0 0 0 0
C1 C2 3 Cq Cs5 0 0 RX 1 1
€] ) es ey4 es 0 0 1 0 0
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4. Open-Loop Frequency Response

4.1. Open-Loop Gain of Charge Voltage

Figure 6a is the developed charge system’s configuration. From Figure 6a, the open-loop block
diagram of charge voltage is illustrated in Figure 6b, where the charge voltage gain of PSFB-PCDR
is the G50 and the PSFB controller gain is the Gcy,. Using the characteristic equation and matrix,
(18) and (19), can yield the following transfer function:

~ 7 -1
Gpsfbv(s) = Ubat/dy =C(sI-A) 'B. (21)
Vh it
PSFB | | PSFB- A
-&- &~ | Controller PCDR
i
|
) Voltage
VEC Divider
c-v ﬁ:
CEC SAT Converter
v - +
LBP
(a)
v d, Vot v d, Tha
—> Gclrr > Gps v —> Gclrr > Gpsjbc
(b) (c)

Figure 6. Charge system configuration. (a) System block diagram. (b) Block diagram for open-loop
gain of charge voltage. (c) Block diagram for open-loop gain of charge current.

Table 7 lists the PSFB-PCDR circuit parameters (Figure 4). Substitution of the L = 20 uH, fs, = 100 kHz,
n=14/6 =233 in (7) yields Reps = 184.2 mQ and L, = L¢g,1 /4 = 2.25 pH.

When the DC charge current is 17.5 A, the power cable must sustain this continuous current until
LBP replenishment. To avoid the cable temperature rising over 75 °C, in this study, the length and
diameter of the power cable were selected as 200 cm and 0.259 cm (No. 10 American wire gauge),
respectively; in accordance with the data in [27,28], the R; = 6.55 m() and L. = 2.91 uH (Figure 5)
can be obtained. According to the average parameters in Table 5, the Ry = R¢ + Ryjr = 28.34 mQ).
Substituting these parameters into Table 6 can yield the elements of matrices A, B, and Cin (18) and (19).
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Table 7. Circuit parameters of PSFB-PCDR.

Notation Value Unit
Np 14 turns
Ns1 =Ns» =Nj; 6 turns
Ly 20 uH
Legri—Legra 9 nH
Co 8200 uF
Cp 2.2 uF
Resr 5 mQ)
Vinps 400 A%
fow 100 kHz
R¢ 6.55 mQ)
L¢ 291 uH

The characteristics of the operating duty cycle dy, with input voltage v; is illustrated in Figure 7.
Using the MATLAB curve-fitting function, a linear polynomial can be expressed as follows:

dy = 0.150; +0.025 (22)
0.50 ‘ ‘ ‘ ‘
| | | |
| | | |
045 -~~~y -~~~ e
| | | |
| | | |
040 ------ - T e e
| | | |
| | | |
< 035~ [ [ER 4= [P
. | | | |
] | | | |
R e RS R i
z | | | |
4 | | | |
R 025 Fr-----7-""-"- S - |
| | | |
| | | |
020 F~——-~-~ T T I B [
| | |
| | | |
015 F-- A~ o= R d-—--— - === ==
| | | |
| | | |
I I I I
1.0 1.5 2.0 2.5 3.0

Input voltage of PSFB controller, v; (V)

Figure 7. Relationship of operating duty cycle dy to input voltage v;

Substitution of v; = V; +v; and d = Dy, + d~y in (22) yields the PSFB controller gain as follows:
Geirr(s) = dy/T; = 0.15 (23)

According to (21) and (23), the transfer function of the charge voltage in open-loop condition can
be obtained as follows:

GOU(S) = 5bat/5i = Gcltr(S)Gpsfbv(s) (24)

Using MATLAB, the frequency response simulation of Gy, (s) was completed and plotted in
Figure 8. In this Bode plot, the low-frequency gain (LFG) was 11.4 dB, and the bandwidth (BW) was
237 Hz. The frequency and phase at 0 dB were 1.7 kHz and —49.9°, respectively. Moreover, in this
study, the TTS model with the PNGV battery model in the LBPRC application is proposed for the
first time, along with the complete design procedures for the CV and CC feedback compensations.
Therefore, the gain and phase slopes in three bands 0.1 to 1 kHz, 1 to 10 kHz, and 10 to 100 kHz, can be
observed to compare and confirm the proposed model, which is feasible. At 0.1 to 1 kHz, the gain and
phase slopes were —10.85 dB/decade and —31.4° /decade, respectively. At1 to 10 kHz, the gain and
phase slopes were 6.15 dB/decade and 15.7° /decade; at 10 to 100 kHz, the gain and phase slopes were
—27.3 dB/decade and —92.5° /decade.
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Figure 8. Bode plot simulation: Gy (s).

Furthermore, break frequencies included fop1 = 98.04 Hz (pole), fozo1 = 1.05 kHz (zero),
and fopv2 = 9.8 kHz (pole). From Figure 8, several circumstances could be observed:

(1) The steady-state error of charge voltage would be severe during the feedback operation,
because the low-frequency gain of 11.4 dB was too low.
(2) A narrow bandwidth of 237 Hz was observed.

(3) Two poles (fopr1 and fopr2) and one zero (fozp1) can be found in the Bode plot.

4.2. Comparison of Frequency Response Using the Different SOC Parameters and the Battery Model

From Table 5, different SOC parameters resulted in different frequency responses of Gy (s),
as illustrated in Figure 9a. Expanding the magnitude and phase scales from Figure 9a, it could be
observed that three SOC (30%, 50%, and 70%) frequency responses approximated to the average result
(blue solid-line). Therefore, the proposed PNGYV battery model in this study can employ the average
value (Table 5) to analyze and simulate the system Bode plot.

40 X S0C 70% _ X X SOC 70%
2 ;g --SOC 50% g 125 12dB == SOC 50%
T ) [rrr—— OS0C 30% e e :0C 30%
ER) ——p= Average E 100 ™S ias = ge
e -10 E
3 3
= 20 =
= 30 s 75

—40

0 0 1
B § ™ s
& 45 [
s Magnitude and phase scales S 45
Y can be expanded to Figure 9(b) PO
z 9 2
= =
&~ =

*135‘1

10 100 1k 10k 100 k 1 10 100 1k
Frequency (Hz) Frequency (Hz)
(@ (b)

Figure 9. Different SOCs of Gy (s). (a) Using the three SOCs and the average parameters.
(b) Expanding scale from Figure 9a.

To compare the frequency response discrepancies in the PNGV model, the RC model,
and the no-wire resistance-inductance, these simulations presented in Figure 10. From Figure 10,
several circumstances can be observed that are described in the following.

(1) No-wire resistance-inductance: The R; and L. (Figure 5) were neglected; therefore, the Gy, (s) from
(24) could be replaced with the G,y1 (s). The phase of Gyy1 (s) deviated the G,y (s) seriously, and the
gain of Goy1 (5) was less than the Gy (s), the band ranges were from 20 to 100 kHz (Figure 10).
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(2) Using the RC model: The Res, Re, L¢, R¢, and C; (Figure 5) were neglected; therefore, the Gy (s)
from (24) could be replaced with Gy (s). The gain and phase slopes for the G2 (s) could not
present the break frequency changes, such as the pole-zero of Gy ().

w0 ‘ ‘ = G (s)
30 == Gmrl (b)
10 — - D G//\,'Z (S)

Without parasitical element modeTl =
-10 Se
-30
—40 Using RC model |

Without parasitical element model

0 Using RC model
150/ sing mode

1 10 100 1k 10k 100 k
Frequency (Hz)

Magnitude (dB)
=

Phase (Degree)
o
=

Figure 10. Frequency response simulation using different battery models.

From these simulations, the stability analysis and the pole-zero compensation were difficult to
implement for the LBPRC design. Therefore, the LBPRC analysis adopting the PNGV battery model is
a feasible method to obtain the system frequency response, and further to design the VFC and CFC for
the CV and CC charges. The Bode plot of G, (s) in practice will be measured; both simulation and
measurement correspond to the anticipated result of the theory.

4.3. Open-Loop Gain of Charge Current

From Figure 6a, the open-loop block diagram of charge current is illustrated in Figure 6c, the G
represents the charge current gain of PSFB-PCDR. Using the characteristic equation and matrix,
(18) and (20), can obtain the following transfer function:

Gpsfbc(s) = ?bat/jy =E(sI - A)ilB (25)

where the elements of matrix E can be obtained from Table 6. According to (23) and (25), the transfer
function of charge current in open-loop condition can be obtained as follows:

Goc(s) = th/gz‘ = Gcltr(s)cpsfbc(s) (26)

Using MATLAB, the frequency response simulation of G, (s) was completed and plotted in
Figure 11. In this Bode plot, the low-frequency gain was 35.6 dB, and the bandwidth was 200 Hz.
The frequency and phase at 0 dB were 50 kHz and —140°, respectively. Moreover, at 0.1 to 1 kHz,
the gain and phase slopes were —10.8 dB/decade and —30.2° /decade; at 1 to 10 kHz, the gain and
phase slopes were 7.7 dB/decade and 15.5° /decade, respectively; at 10 to 100 kHz, the gain and
phase slopes were —4.9 dB/decade and —92.3° /decade, respectively. Furthermore, break frequencies
included the fopc1 = 98.04 Hz (pole), fozc1 = 1.05 kHz (zero), and fopc2 = 9.8 kHz (pole). From Figure 11,
three circumstances can be observed that are described in the following.

(1) A narrow bandwidth of 200 Hz was observed.

(2) The phase margin was less than —135° (at 50 kHz), which has acceded to the allowable tolerance
of 45° [ | —180°—(—135°) | ]; therefore, the charge current loop was regarded as unstable.

(3) Two poles (fopc1 and fopc2) and one zero (fozc1) can be found in the Bode plot.
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Figure 11. Bode plot simulation: Go (5).
5. Open-Loop Frequency Response

Design considerations and procedures will be discussed in the following.
5.1. VFC for CV Charge

According to the simulation of G, (Figure 8), the VFC design is as follows:

(1) The low-frequency gain must be heightened to reduce the steady-state error of charge voltage.
(2) The system bandwidth should be extended to accelerate the response speed.
(3) The phase margin should be greater than —135° to ensure the stability of the CV charge loop.

In Figure 6a, the voltage divider and VFC circuit are illustrated as Figure 12a, including voltage
divider resistances (R,;1 and Ry;2), an operational amplifier OP, a charge voltage reference command
Ve, resistances (Rg1 and Rpy2), and capacitances (Cg1 and Cgpo). The control block diagram of charge
voltage in closed-loop operation is depicted in Figure 12b. The k; is a constant that can be calculated
by the formula Ryg2/(Ryg1+Rpg2)- The VFC gain is Gy, whose transfer function is given by

Gvfc(s) = z7lij’ct)/7711f'61' = (1 + SRvaCfvl)/{[SRfvl(cfvl + Cva)Hl + (SRfUZCfvlcfvz)/(Cfvl + Cfv2)]} (27)
and its corner frequencies at the pole and zero, both are given in
fzv = 1/<27TRfUZCfUl) (28)
fP'U = 1/(2NRfUZCfv2)' (29)
Moreover, g;, represents the gain, it can be expressed as:
8av = Rpn /Ry (30)
From Figure 12b, a transfer function of the open-loop voltage is
Gy(s) = kyGop(s). (31)

Substitution of k, = 0.073 and (24) in (31) yields G, (s), whose frequency response simulation is
plotted in Figure 13. According to this Bode plot, the VFC design procedures can be performed to
compensate the charge voltage loop. They are described in the following.
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Figure 12. Charge voltage loop. (a) Voltage divider and voltage feedback controller (VFC) circuit.
(b) Control block diagram of closed-loop operation.
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Figure 13. Bode plot simulations: Gy (s), Geomo (5), and Gﬂ,v (s).
5.1.1. VFC Design Procedure
Step 1: Setting crossover frequency

In the switching power supply applications, the crossover frequency range can be determined
between fs;,/100 to fsy /10. In this study, we considered the PNGV battery model for obtaining the
frequency responses of G,y (s) and G, (s). Therefore, the aforementioned crossover frequency range
can be directly applied in the LBPRC design.

The crossover frequency of the charge voltage loop, f.v, can be set at the minimum frequency
1 kHz (feoo = fsw /100 = 100k /100), because the voltage—time change rate of charge voltage is slow.
Moreover, to prevent the resonant factor from influencing the system stability, the f.,, should be kept
away from the output filter resonant frequency (fopp1 = 98.01 Hz); therefore, the frequency ranges can
be expressed as fopp1 << foov, as depicted in Figure 14.

[ A<t [ =<fin] , , Fon<In<for
A
49 Hz 98 Hz 1kHz 1.05kHz 9.8kHz 50kHz 100 kHz

Figure 14. Frequency point setting of charge voltage loop.

Step 2: Gain heave at the crossover frequency

According to Figure 13, at 1 kHz, the G, should be hove from —22 to 0 dB; hence, the g, and Rﬁ,l
of (30) can be set to 12.6 and 10 k(), respectively, and then Rg,> = 126 k() can be obtained.

Step 3: Pole break frequency of VFC



Electronics 2019, 8, 126 15 of 28

To reduce the charge voltage ripple, the pole break frequency f,, must be less than fs.
Moreover, the phase margin should be increased if the f,, was greater than f.,,. Therefore, substitution of
the fp = fsw/2 =50 kHz and Rg,p = 126 k() into (29) can yield Cpp = 25.26 pF. Under these conditions,
the frequency range can be expressed as foy < fyv < fsw, as depicted in Figure 14.

Step 4: Zero break frequency of VFC

To prevent the phase shift from being less than —180°, the zero break frequency f;, should be
less than fopy1. Thus, substitution of the f.; = fopy1/2 = 49 Hz and the Rpp =126 kQ) into (28) can
yield Cpq = 25.78 nF. Under these conditions, the frequency range can be expressed as fzy < fopo1,
as depicted in Figure 14.

Substitution of the Ry, =10 kQ), Rgo =126 k), Cg1 = 25.78 nF, and Cgo = 25.26 pF into (27) and
(31) could yield the transfer function of open-loop voltage gain for the LBPRC with the VFC, Geomo (S),
the frequency response simulation was plotted in Figure 13. From Figure 13, the low-frequency gain of
Geomv (5) was increased to 45.4 dB; at crossover frequency feov = 1 kHz, the phase was —51.1°, which was
greater than —135° and was over the tolerance of 45° (1 —180°—135° | = 45°), hence the proposed VFC
design could meet the stability requirement.

Moreover, the transfer function of closed-loop voltage gain, Gg, (s), was simulated in Figure 13.
From Figure 13, the feedback operation for the charge voltage loop could observe that the low-frequency
gain of Ggy, (s) was 22.7 dB; the phase was greater than —135° when the band ranges were
from 1 to 26.8 kHz.

From Figure 13, the simulation could comprehend that the LBPRC incorporating the VFC could
address the stable requirement for the CV charge. Two reasons explain as follows:

(1) Determining the system stability from the phase of Geomw (s) is a critical method which has been
mentioned in previous studies [29,30] for the design of switching power supplies. Because the
phase —51.1° of Geomo (s) at 0 dB was greater than —135°, a stable charge voltage loop could
be fulfilled.

(2) It was a rational condition that the phase of Gy, (s) was less than —135° at 0 dB, because the
negative feedback operation may become unstable influencing the system stability in the high
frequencies [31-33]. However, from Figure 13, the bandwidth of G, (s) was extended; this result
was one of the advantages when the LBPRC operated in the negative feedback mode [32,33].

5.2. CFC for CC Charge

According to the simulation of G, (Figure 11), the CFC design consideration is described
as follows:

(1) The low-frequency gain must be heightened to reduce the steady-state errors of charge current.

(2) The 0 dB frequency should be decreased because the initial 50 kHz was higher than the suggested
frequency of 10 kHz (fs, /10).

(3) The phase margin should be greater than —135° to ensure the stable operation for the CC
charge loop.

From Figure 6a, the signal amplifier (SA) and CFC circuit are illustrated in Figure 15a, including
the current shunt Rs, an operational amplifier OP,, a charge current reference command V,efc,
resistances (Rr1 and Rp), and capacitances (Cr1 and Cp), hence using the OP;, Vi, Ree1, Rea,
Cr1, and Cgp, can compose an error amplifier to implement a proportional-integral control. The control
block diagram of charge current in the closed-loop operation is depicted in Figure 15b. The k. is
a constant that can be calculated by the Rs x g5, (DC gain of SA). The CFC gain is Gefer whose transfer
function is given by

Gcfc(s) = 77CJ’ct)/77cj“'cz' = (1 +SRfC2CfC1)/{[SRfC1(CfC1 + Cch)Hl + (SRfCZCfclchZ)/(Cfcl + CfCZ)]}/ (32)
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and its corner frequencies at the pole and zero are both given in
fze =1/ (27tR2Crc1) (33)
fre =1/ (2R §2Cr2)- (34)
Moreover, g, represents the gain, it can be expressed as:
8c = Ryea/ Ry (35)
From Figure 15b, the open-loop transfer function is
Ge(s) = keGoc(s) (36)

Substitution of the k. = 0.097 and (26) in (36) can yield G, (s), whose frequency response simulation
is plotted in Figure 16. According to this Bode plot, the CFC design procedure can be performed to
compensate charge current loop. They are described in the following.

Cﬂz” ?l;at
Rch Cfcl
vcfci "\"Lfcu 2; %
Vrefc + GLfL |_>| Gch‘r H Gp.sjfhc Lbat
O—¢ OP2 -
Vefeo & II k. II
Vrec (b)
v

@)

Figure 15. Charge current loop. (a) SA and current feedback controller (CFC) circuit. (b) Control block
diagram of closed-loop operation.

Magnitude (dB)

Phase (Degree)

| |
10 100 1k 10k 00 k
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Figure 16. Bode plot simulations: G (s), Geome (5), and Gﬂ,c (s).
5.2.1. CFC Design Procedure

Step 1: Setting crossover frequency

The crossover frequency of charge current loop, fec, can be set to the minimum frequency
10 kHz (feoc = fsw/10 = 100k/10) because the current-time change rate of charge current is fast.
Moreover, to prevent the resonant factor from influencing the system stability, the f;, should be
kept away from the output filter resonant-frequency (fopc1 = 98.01 Hz); therefore, the frequency ranges
can be expressed as fopc1 << feoc, as depicted in Figure 17a.
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Figure 17. Frequency point design of charge current loop. (a) Normal PI design. (b) Using the zero
break frequency shift (ZBFS) method.

Step 2: Gain heave at the crossover frequency

According to Figure 16, at 10 kHz, the G, should to be heaved from -2.25 to 0 dB. Therefore, the g,
and Ry in (35) can be set to 1.296 and 10 k(), respectively. The Rg = 12.96 k() can then be obtained.

Step 3: Pole break frequency of CFC

To reduce charge current ripple, the pole break frequency f,c must be less than f.
Moreover, the phase margin should be increased if the f,. is greater than f.o.. Therefore, substitution of
the fyc = fsw/4 = 25 kHz and Ry = 12.96 k() into (34) can yield Cr = 491.22 pF. Under these conditions,
the frequency range can be expressed as feoc < fpe < fsw, as depicted in Figure 17a.

Step 4: Zero break frequency setting of CFC

To prevent the phase shift from being less than —180°, the zero break frequency, f.., should be
less than fypc1. Thus, substitution of the foc = fopc1/2 = 49 Hz and Rpp = 1296 kQ) into (33) can
yield Cgq = 250.62 nF. Under these conditions, the frequency range can be expressed as fzc < fopc1,
as depicted in Figure 17a.

Substitution of the Re1 =10 kQ), Ry =12.96 k), Crq = 250.62 nF, and Cyp = 491.22 pF into (32)
and (36) could yield the transfer function of open-loop gain for the LBPRC with the CFC, Geome (5),
whose frequency response simulation was plotted in Figure 16. From Figure 16, the low-frequency
gain was increased to 52.9 dB. At the f.oc = 10 kHz, the phase was —88.7°, which was greater than
—135°. Moreover, the transfer function of the negative feedback operation for the charge current loop
was G (), whose low-frequency gain was 18.6 dB; the phase was greater than —135° when the band
ranges were from 1 to 26.8 kHz; therefore, the CC charge could address the stability requirement.

5.2.2. Current Overshoot Mitigation Using Zero Break Frequency Shift (ZBFS)

As shown in Figure 16, the Gg, gain presented a lapse shape from 1 to 20 kHz. This situation
would influence the response speeds of charge current loop, resulting in the current overshoot i, of
the start-up phase and a long settling time, as illustrated in Figure 18a. According to the step 4 of
Section 5.2.1., because the f,. = 49 Hz, a large capacitance Cfcl = 250.62 nF was obtained; in consequence,
the long-time integral action of PI control became a problem to limiting the CFC response speed.
However, shifting f,. to a high frequency was an effective method that could resolve this problem, as
depicted in Figure 18b; therefore, the f,. was increased to 5 kHz from the zero break frequency of 49 Hz,
and then the frequency range could be expressed as fz¢ < feoc, as depicted in Figure 17b. Substitution of
the foc = 5 kHz and Rpp = 12.96 k() into (33) yielded Cpq = 2.46 nF.

Viar & Tyt V& bt
Charge voltage Charge voltag‘e
)
% Start CC charge Start CC charge
[
¥ g i $
“harge current Charge current
— > ! > !
Start-up phase Start-up phase
(Settling time) (Settling time)

(@) (b)

Figure 18. During start-up phase, different control technologies result in current overshoot occurrence.
(a) Normal PI design. (b) Using the ZBFS method.
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5.2.3. Current Overshoot Mitigation Using PSPI Control

Figure 19a presents a PSPI configuration and a practical circuit schema that can be applied to
mitigate the charge current overshoot during the LBPRC start-up phase. The R; and SA are used
to detect and amplify the charge current signal vy, then the SA generates a voltage signal v g
thus, the CFC compares v.; with a charge current reference command I,.f) to generate an error
voltage v, undergoing proportional (P) or PI compensation to control the PSFB controller (Figure 6).

Control block diagram

Input to PSFB CFC
controller P
control
—I— Phase II: CFC using P control
Veeo Vbut |
e Pl 1J_ B Phase I: VFC ||| Phase Ill: CFC |
contro olreh) using SS control || using PI control |
— «— — — — — — e — — — — — —»!
. . . | |
Practical circuit | (-
H |Feedback — = 1 I : :
|
t
Ibal _lﬂ“ﬂ"/______:_ I S—:
A |

Input to PSFB @ Lorepy (b)
controller

(@)

Figure 19. A novel PSPI control. (a) PSPI configuration diagram and practical circuit. (b) Phases I to IIL

From Figure 19b, during Phase I, the LBPRC is dominated by the VFC with the soft-start (SS)
control, and the Vy,; slowly increases, thus avoiding the voltage overshoot occurrence at the LBPRC
output side. As the I;; increases to reach the current setting for the Iy, the shifting component S
(Figure 19a) is connected to the position p;, enabling the CFC to implement P control during the Phase
IT; hence, the CFC response speed can be enhanced to prevent the charge current overshoot. In the
Phase I1I, the I, reaches the target charge CC I.pust, the Scg is sifted to the position p,, and then the
CFC implements the PI control to stabilize the LBP charge current for achieving the CC charge.

Figure 19a shows the CFC circuit with PSPI control composed of an operational amplifier OP3,
compensative elements (Z;,, Zg1, and Zg), and the Iy(f). Using Z;; and Zg can yield the P gain to
implement the P control; the Z;, combines Zg; with Zg, can achieve the PI control.

Moreover, the shifting certification for the S is defined as follows:

S _ cut-in, when vereo > Ve
cfe cut-off, when v ey < Vg

During Phases I and II, the v, is greater than the V¢ to cut in the S, the integral component
Zg1 is invalid and the unique P control can be implemented through Z¢., and Z;, for the CFC. In Phase
III, the St is cut off, thus the CFC can employ the Z;,, Z¢1, and Zg; to implement the PI control.
Therefore, from the time interval [t1:t,2] (Figure 19), the CFC control can shift from P to PI; this control
method is effective to mitigate the charge current overshoot. Moreover, the designing parameters from
Sections 5.2.1 and 5.2.2 can completely apply to Z,,, Z¢1, and Zg, without readjusting and redesigning.

5.3. LBPRC Charge Strategy

In practice, the SOC and state of health (SOH) of the battery should be evaluated by the battery
management system (BMS). This is because the LBP electrical-chemical characteristics would be
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affected under different operating conditions. According to the SOC and SOH, the BMS can manipulate
the LBPRC to implement a CV or CC charge. Therefore, an optimum charge strategy can be determined
by the BMS, rather than the LBPRC. Supplying a stable CV or CC power to charge the LBP is the
principal responsibility of the LBPRC.

Because of the LBPRC should be designed as an ideal voltage or current source to replenish LBPs;
therefore, this study focused on the VFC design for the CV output operation of LBPRC, and the CFC
design for the CC output operation of LBPRC. In [16-19], the CC-CV charge strategy was a suitable
method for the LiFePOj battery charge. Therefore, the CC-CV charge strategy is the first case of charge
strategy. Moreover, to fulfill the battery charge requirement, the LBP can be rapidly charged by the
LBPRC within one hour. The second case of charge strategy can use the CC to replenish the LBP.
Charge conditions of both cases are defined as follows:

Case 1: When the SOC of the LBP approximates to zero, the voltage of the empty LBP is
approximately 22 V; if the LBP SOC ranges from empty to 20% (LBP voltage is 27.2 V), the LBP
is charged by a 35-A (1C) CC. If the LBP SOC is higher than 20%, then the LBPRC can operate in the
CV output mode to charge the LPB. This case can confirm that LBPRC supplying the CV power to
charge the LBP is feasible for low to high LPB SOCs. This charge profile will be presented.

Case 2: The LBP SOC ranges from empty to 83% (LBP voltage is 29.2 V). The LBP is charged by
a 35-A CC. This case can confirm that LBPRC supplying the CC power to charge the LBP is feasible for
low to high LPB SOCs. This charge profile will be presented.

6. Experimental Results

The measurement system of frequency response for the LBPRC is depicted in Figure 20.
This system comprised a computer, a USB/GPIB interface (National Instruments Inc., Austin, TX, USA),
and a frequency response analyzer (FRA) MODEL3120 (Veneable Corp., Austin, TX, USA). The FRA
setting parameter and data can be controlled and transmitted through the USB/GPIB interface.
Therefore, the fluctuant small signals v;, Uy, and 0. s.; generating by the FRA can be respectively
output to the PSFB controller and adders (4; and A;). Subsequently, the fluctuant charge voltage vy,
and current iy, can be recorded and transmitted to the FRA. Finally, the Bode plot is presented on the
computer monitor.
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Figure 20. Measurement system of frequency response for LBPRC.

Frequency response measurement of open-loop charge voltage: As indicated in Figure 20,
when both S1 and S, were turned off, the FRA output was 7;; the fluctuant v,; could then be measured
and input to the FRA. The Bode plot of G,, was displayed in Figure 21a. The low-frequency gain
was 10 dB (simulation: 11.4 dB), and the bandwidth was 250 Hz (simulation: 237 Hz). At gain of
0 dB, the frequency and phase were 1.6 kHz (simulation: 1.7 kHz) and —58° (simulation: —49.9°),
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respectively. Moreover, for the break frequencies, the f,,c1 = 100 Hz had a pole (simulation: 98.04 Hz),
the fozc1 = 1.5 kHz had a zero (simulation: 1.05 Hz), and the fopc2 = 12 kHz had a pole (simulation:
9.8 kHz). The gain and phase slopes in the different bands were listed in Table 8.
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Figure 21. Bode plot measurements: (a) Goy and (b) Goc.
Table 8. Gain and phase slopes.
0.1to1kHz 1to 10 kHz 10 to 100 kHz
Measurement Simulation Measurement Simulation Measurement Simulation Unit
Open-Loop Charge Voltage
Gain slope -7 —10.85 -7 —6.15 —25 —27.3 dB/decade
Phase slope —37 —31.4 —-10 -15.7 —100 —92.5 degree/decade
Open-Loop Charge Current
Gain slope —15 —11.4 —13 -9 -10 —6 dB/decade
Phase slope —40 —30.2 18 15.5 -95 -92.3 degree/decade

Frequency response measurement of open-loop charge current: As indicated in Figure 20,
when both S; and S; were turned off, the FRA output was 7;; the fluctuant th could then be
measured and input to FRA. The Bode plot of G, was displayed in Figure 21b. The low-frequency
gain was 35 dB (simulation: 35.6 dB), and the bandwidth was 190 Hz (simulation: 200 Hz). At gain
of 0 dB, the frequency and phase were 52 kHz (simulation: 50 kHz) and —130° (simulation: —140°),
respectively. Moreover, for the break frequencies, the fy»1 = 100 Hz had a pole (simulation: 98.04 Hz),
the fozp1 = 3.5 kHz had a zero (simulation: 1.05 kHz), and fyv2 = 15 kHz had a pole (simulation:
9.8 kHz). The gain and phase slopes in the different bands were listed in Table 8. These measurements
demonstrate that the proposed equivalent models are suitable for establishing the small-signal transfer
functions of LBPRC.

Frequency response measurement of closed-loop charge voltage: As shown in Figure 20, with the
S1 turned on and the S, turned off, the FRA generated 0, f.;, which was input to Ay, the v, could then
be measured by the FRA. The Bode plot of Gg, is displayed in Figure 22a. The low-frequency gain was
22 dB (simulation: 22.7 dB). At the gain 0 dB, its frequency was 30 kHz (simulation: 40 kHz).
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Figure 22. Bode plot measurements for Gg,, and Gg: (a) gy using PI control. (b) Gp, using PI control.
(¢) Gy using the ZBFS method.

Frequency response measurement of closed-loop charge current: As shown in Figure 20, with the
Sy turned on and the S; turned off, the FRA produced v.¢.;, which was input to Ay; the Tpat could then
be measured by the FRA, and the Bode plot of Gy, was displayed in Figure 22b. The low-frequency
gain was 18 dB (simulation: 18.6 dB). At the gain 0 dB, the frequency was 80 kHz (simulation: 50 kHz).
The gain exhibited a lapse from 1 to 40 kHz, which could influence the system response speed.
Therefore, the f,. should be adjusted to 5 kHz to heave a lapse gain; the subsequent Bode plot is
displayed in Figure 22c.

Waveform of start-up current using PI control and ZBFS: Figure 23, Figure 24 , Figures 25-27
present the waveforms of the charge voltage Vj,; and current Ij,;; during the charge start-up phase.
At the charge rate of 0.5 C and SOC level of 30% (Figure 23a), the LBP started to charge from a V;
level of 26.92 V; the target value of average charge current was maintained at 17.5 A (0.5C). During the
start-up phase, a large current overshoot occurred because the zero break frequency f,. was set to
49 Hz. The current overshoot peak was 34 A, which exceeded the operating CC of 16.5 A (i.e., 34 - 17.5).
As illustrated in Figure 23b, the time scale of the waveform window was curtailed to 10 ms/division
(ms/div.), and the following several circumstances were observed:

(1) A prolonged start-up time of 30 ms was observed before the LBPRC operated in the CC
charge mode.

(2) Alow-frequency current ripple of 60 Hz was observed (Figure 23); this was because an AC power
source served as the input source of the LBPRC, with a power factor correction providing a DC
voltage of 400 V mixing the low-frequency ripple to the PSFB-PCDR. However, the low-frequency
current ripple did not damage the LBP in the charge state.

(3) The average charge current was 17.5 A, and the current overshoot peak was 34 A.
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Figure 24. Using the ZBFS method and setting f,. = 5 kHz. (a) Start-charge voltage: 26.92 V, SOC:
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As illustrated in Figure 23c, when the charge start voltage was 27.05 V (SOC 50%), the start-up
time was 34 ms, average charge current was 17.5 A, and current overshoot peak was 29 A. As shown
in Figure 23d, when the charge start voltage was 27.23 V (SOC 70%), the start-up time was 40 ms,
average charge current was 17.5 A, and current overshoot peak was 28 A.
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However, using the ZBFS method, the f;; of CFC can be shifted to 5 kHz to accelerate the response
speed of the charge current loop, and the waveforms of the charge voltage and current are presented
in Figure 24. In Figure 24a,b, the time scales of the waveform windows were 100 and 10 ms/div.,
respectively. The LBP started to charge from a Vy,; level of 26.92 V (SOC 30%); the current overshoot
peak could be reduced to 23 A, the start-up time was cut to 12 ms, which was lower than in Figure 23b.
Notably, the current ripple peak and frequency were 1 A and 60 Hz, respectively; the low-frequency
ripple was the same as that in Figure 23b. Hence, applying the proposed ZBFS method to the LBPRC
did not influence system stability. As illustrated in Figure 24c, when the charge start voltage was
27.05 V (SOC 50%), the start-up time was 12 ms, average charge current was 17.5 A, and current
overshoot peak was 22 A. As illustrated in Figure 24d, when the charge start voltage was 27.23 V
(SOC 70%), the start-up time was 12 ms, average charge current was 17.5 A, and current overshoot
peak was 21 A. Therefore, the f; shifting effectively reduces the charge current overshoot, and does
not cause system instability.

Waveform of current overshoot mitigation using PSPI control: The start-charge voltage and
current when the LBPRC incorporates the CFC with the PSPI control are presented in Figure 25.
As illustrated in Figure 25a,b, the time scale of the waveform window was 100 and 10 ms/div.,
respectively. The LBP started to charge from a Vy,; level of 26.92 V (SOC 30%), the current overshoot
peak was reduced to 19 A, and the start-up time was cut to 11 ms; they were lower than those in
Figures 23 and 24. As illustrated in Figure 25¢, when the charge start voltage was 27.05 V (SOC 50%),
the start-up time was 11 ms, average charge current was 17.5 A, and current overshoot peak was 19 A.
As illustrated in Figure 25d, when the charge start voltage was 27.23 V (SOC 70%), the start-up time
was 10 ms, average charge current was 17.5 A, and current overshoot peak was 19 A. Compared with
the PI control, ZBFS method, and PSPI control, the control method incorporating the PSPI control
technology into the CFC was determined to be more effective since the current overshoot peak could
be reduced to 19 A, thereby approximating the average charge current of 17.5 A; moreover, the start-up
time could be curtailed to 10 ms.

Waveform of 1C charge using PSPI control: At the charge rate of 1C (CC of 35 A) in Figure 26a,b,
the time scales of the waveform windows were 100 and 10 ms/div., respectively. The charge start
voltage was the minimum cut-off voltage 22 V, no current overshoot was observed, and the average
charge current was the CC 35 A; therefore, the proposed PSPI control was also effective for the charge
rate of 1C.

CV and CC charge profiles: Figure 27 presents the LBP charge profile using the developed LBPRC.
Figure 27a presented the CC-CV charge strategy; during the CC 35 A charge, the battery voltage
increased gradually from 22 to 27.2 V; then, LBPRC took over as the CV output mode to charge the
LBP, and the charge current gradually decreased. This experiment demonstrated that LBPRC could
implement the CV charge when the LBP SOC was increased from low (20%) to high.

In Figure 27b, the single CC 35 A charges the LBP, hence the LBP voltage increased gradually
from 22 to 29.2 V; the total charge time was about 52 min. This experiment demonstrated that the
LBP could be charged from a low SOC of 20% to a high LBP of 83% (LBP voltage is 29.2 V) using the
CC charge strategy. Both experiments confirmed that the LBPRC design was implemented using the
VEC and CFC, both CV and CC charge functions could replenish the LBP. According to Figure 27b,
the maximum output power of the LBPRC was 1022 W (i.e., 29.2 V x 35 A) and the charge current was
35 A (1C); therefore, the LBPRC rapid charge could be achieved for the LBP.

Moreover, the power rating of LBPRC was approximately 1 kW, and its charge current at
the 1C rate was 35 A. Thus, the proposed PSFB-PCDR topology has several benefits for LBPRC
applications, including zero-voltage switching, high conversion efficiency, and low-frequency current
ripple reduction. The PSFB-PCDR is a commonly used topology for high-power DC-DC converter
applications; the circuit component cost can be reduced in mass production to make it cost-effective.

LBPRC conversion efficiency: In this study, the power stage of the LBPRC was composed of
a PFC and a PSFB-PCDR. To measure the LBPRC conversion efficiency, the LBPRC inlet inputted
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a single-phase AC power source, whose output voltage and frequency were 230 Vims and 60 Hz,
respectively. Figure 28 reports the LBPRC conversion efficiencies with different loads; the maximum
efficiency was 88.8% when the output power was at 525 W; the minimum efficiency was 86.1%
at 315 W. When the LBPRC operated at the maximum output power of 1050 W, the conversion
efficiency was 86.7%.

In Figure 8, the maximum efficiency of the LBPRC, 88.8%, was obtained when PFC and
PSFB-PCDR efficiencies were 95% and 93%, respectively. Therefore, the maximum LBPRC efficiency
could be calculated as 88.8% (95% x 93% = 88%). Under this operating condition, power switches
(Qa to Q) were operated in zero-voltage switching, hence the single-stage PSFB-PCDR efficiency can
reach 93%; however, because of the PSFB-PCDR secondary side used diode rectification, power losses
of the diodes were high. The synchronous rectification can replace the diode rectification to promote
LBPRC conversion efficiency.
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Figure 28. LBPRC conversion efficiency.

Comparison of performance index: Figure 29 illustrates five performance indexes for three CFC
control methods. The PSPI control method achieved excellent performance indices, including the
start-up current overshoot reducing, a short setting time, the small steady-state errors, a short rising
time, and a short start-up time. For the ZBFS control method, four performance indices were between
those observed for the PSPI and PI control methods. Finally, the PI control method integrated
with the CFC was the poorest combination because four performance indices were extremely poor.
Moreover, because the three control methods can implement the PI control during the steady-state
operation, they have small steady-state errors.

Start-up current overshoot reducing

Excellent

Start-up
time

PSPI

Rising time P1 Steady-state error

Figure 29. Performance indices for PSPI control, the ZBFS method, and PI control.
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LBPRC prototype: Figure 30 is a photo of the practical charge system. The input power of the
LBPRC prototype comes from the AC source, and its output side connects to the LBP. To analyze
the frequency response, the FRA is required and the Bode plot measurements can be displayed on
the computer monitor. In addition, the experimental waveforms can be measured and displayed by
the oscilloscope.

Monitor

AC Source Oscilloscope

Figure 30. A photo of the practical charge and measurement system.

7. Conclusions

This study presented the development and implementation of an LBPRC for the charge of
LiFePOy battery packs. The focus was on frequency response analyses of charge voltage and current;
therefore, the TTS and PNGV battery models were applied to derive small-signal transfer functions.
Consequently, the LBPRC could utilize both CV and CC power to replenish the LBP. This study makes
the following contributions:

(1) This study is the first to propose combinations of TTS and PNGYV battery models in an LBPRC
application alongside ZBFS and PSPI controls to mitigate the problem of current overshooting.

(2) The proposed equivalent circuit, which incorporates the TTS and PNGV battery models with
the wire resistance-inductance of the power cable, is a reformatory model for the small-signal
analysis in the LBPRC application.

(3) On the basis of the TTS and PNGYV battery models, high-order transfer functions were derived
for the charge voltage and current loops. Although establishing the mathematical model was
a complex and time-consuming process, the frequency response simulations could approximate
the practical system. Therefore, the loop compensation could follow the proposed design
procedure to achieve the zero-pole frequency setting, low-frequency gain heaving, and phase
margin enhancement.

(4) Few studies have discussed CC control designs or how to mitigate charge current overshoot.
According to the Bode plot of the feedback current loop, the CFC compensation uses ZBFS;
therefore, the current overshoot can be effectively reduced in the charge start-up phase.

(5) The study also presents a new control method, namely PSPI control, integrated into a CFC to
mitigate the problem of charge current overshoot during the LBPRC start-up phase. The benefit
of this method is that no compensative element needs to be readjusted or redesigned, hence the
prototypal PI parameter can be applied to achieve the PSPI control.

(6) Three measurement methods, including the electrical parameter of PNGV battery model,
the open-loop frequency response of LBPRC, and the closed-loop frequency response of LBPRC,
were presented and discussed in this study. These methods are prerequisite designing processes
to develop LBPRC:s. Finally, an LBPRC prototype and practical charge system are also presented
in this paper.
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