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Communication-Free Pulsed Power Distribution and
Tracking Method for Hybrid Energy Storage System
Based on Active Disturbance Rejection Control

Lunbo Deng
and Zhengge Chen

Abstract—A dc microgrid is encountering the stability issues
caused by emerging pulsed power loads (PPLs). A hybrid energy
storage system (HESS) helps to suppress dc bus fluctuation due
to periodical power demand of PPL within a short time. A com-
mon practice is to handle transient and steady power separately
with high-power-density and high-energy-density units. This arti-
cle proposes a novel communication-free pulsed power distribution
method for the HESS consisting of battery and supercapacitor
(SC) units; the battery unit only provides dc power, while the
SC unit provides an ac component of pulsed power. To track the
high-frequency ac component, active disturbance rejection control
(ADRC) is applied to the SC unit. Taking dual-active-bridge con-
verters as the interfaces, a detailed design process is presented.
Besides, the frequency-domain model illustrates the mechanism of
dc-ac power distribution, and a comparison with proportional-
integral control shows the advantage of ADRC in fast ac power
tracking. With the proposed control strategy, the current surge to
the battery unit is significantly reduced and the droop character-
istics are unaffected when PPL works. Finally, an HESS testbench
supplying 10-150 Hz 1 kW PPL is built to verify the proposed
pulsed power distribution and tracking method.

Index Terms—Active disturbance rejection control (ADRC),
dual-active-bridge (DAB) converter, hybrid energy storage system
(HESS), power distribution, pulsed power load (PPL).

I. INTRODUCTION

NERGY and environmental concerns give rise to the
development of a microgrid that integrates a distributed
generator (DG), an energy storage system (ESS), and loads.
The technology of dc microgrid is receiving increasing attention
because there are no issues on reactive power and frequency
regulation; hence, keeping the stability of dc bus voltage through
the ESS and its interface converter is the priority [1], [2].
However, with a variety of loads connecting to the dc mi-
crogrid, controlling the bus within an acceptable voltage is
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becoming a challenge. The power pulsed loads (PPLs), such
as industrial electrolysis, electroplating, wastewater purifying,
phased-array radar, and plasma source device [3], [4], [5], have
the features of instantaneous and periodical peak power and
may deviate the dc bus from its rated voltage. Although they
are usually equipped with dedicated pulsed power supplies,
the pulsed current inevitably flows into the dc bus, leading to
voltage fluctuation. It is feasible but not economic to parallel
high-capacity capacitors to the bus, while it also brings the risk
of high short-circuit current. Another approach is to employ the
ESS to balance the power difference, which requires an appro-
priate controller with fast-tracking ability. The linear—quadratic
regulator (LQR) control with state feedback demonstrates the
performance beyond proportional—integral (PI) control; how-
ever, its dynamic performance is degraded when high parameter
uncertainties exist [6]. Model-predictive control (MPC) exhibits
very fast response performance and is applied to the battery
ESS for supporting shipboard dc microgrid [7], making the bus
voltage almost immune to 20 Hz PPL. However, there is still a
paradox that the less the bus voltage is affected, the more pulsed
power the ESS provides, which greatly reduces the battery life
[8]. Hence, an auxiliary energy storage device is needed to
improve the robustness of bus voltage and, meanwhile, reduce
the impact on battery service life from PPL. A supercapacitor
(SC) unit is usually preferred because of its high-power-density
and durable properties [9].

Effective power distribution is essential to a hybrid energy
storage system (HESS). Most research works treat the HESS as
a whole; namely, the two interface converters share all informa-
tion. The method based on a low-pass filter (LPF) is widely used;
the battery controller calculates the total power demand and then
sends the transient power reference to the SC controller [10].
An HESS optimization strategy is applied to minimize energy
consumption [11], but stabilizing the bus voltage is not the
primary goal. MPC-based and deadbeat-control (DBC)-based
hybrid power sources are proposed in [12] and [13], respectively.
They both need a high-speed central processing unit to calcu-
late the optimal power distribution and maintain bus voltage;
however, the heavy calculation burden limits their applications
in high-frequency converters. A virtual impedance [14] and
a virtual notch filter [15] are proposed to suppress the bus
voltage fluctuation; they both take a load current feedforward
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Fig. 1. Power distribution methods for the HESS. (a) Steady—transient distri-

bution. (b) DC-AC distribution.

technique and introduce pulsed current into specific capacitor
packs. The abovementioned strategies share information of all
power conversion units, which requires that the two kinds of
energy storage units must be installed very near to each other
for real-time communication and information exchange.

Owing to the distributed property of a dc microgrid, the
distributed and decentralized control strategies through local
calculation instead of centralized calculation are developed. A
hierarchical control of HESS is proposed for both the centralized
and distributed cases, proving that centralized control has higher
control accuracy but suffers from lower reliability in case of
communication delay and failure [16]. The concept of virtual
capacitor is introduced into droop control, which takes the
integral value of the output current into the closed-loop feedback
path; when the load current changes, the SC converter could
respond transient power immediately, and the battery converter
responds the steady part [17], [18], [19].

However, the existing methods for the HESS supplying PPL
do not utilize the full capacity of the SC. As shown in Fig. 1(a),
when supplying PPL, the output current of the battery converter
io(BAT) supplies a large periodical component, and the output
current of the SC converter i,(sc) only exists for a short time. It
means that the battery still provides the peak power; besides, a
battery unit with such a large capacity is much more expensive
than the SC unit [20]. What is more, the droop characteristics
of the battery converter would cause periodical fluctuation to
the dc bus. This kind of power distribution method is called
steady—transient distribution in this article.

The concept of dc—ac power distribution that was used in
pulsed power supplies [21] is a potential solution for the issues
by steady—transient distribution. The dc—ac power distribution
is illustrated in Fig. 1(b). The SC converter provides most of
the ac current, leading to higher utilization of SC and less bus
fluctuation; meanwhile, the current surge to the battery unit is
greatly reduced.

The challenges are that the HESS is communication-free in a
distributed dc microgrid, and the total load current is not easy to
obtain. In addition, dc—ac distribution needs a high-bandwidth
control strategy for high-frequency ac current tracking.

The main contributions of this article are as follows.

1) Through the proposed current estimator, communication-

free control is realized with only local measurement.

2) The concept of dc—ac distribution is first introduced in

the dc microgrid with the HESS, with a detailed design
process.
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Fig. 2. DAB converter. (a) Circuit. (b) Key waveforms.

3) The reduction of dc bus fluctuation by PPL is explained by
a frequency-domain model, which consists of impedance
and a newly defined controlled current source.

The rest of this article is organized as follows. In Section II,
an HESS with a dual-active-bridge (DAB) converter as the
interface is established, and the load current estimation and ac
current extraction algorithm are presented. In Section III, the SC
controller design based on active disturbance rejection control
(ADRC) [22] is derived, and the SC converter could perform
as a current source automatically tracking the ac component. In
Section IV, the frequency-domain analysis explains the power
distribution mechanism in this application. Section V verifies the
proposed pulsed power distribution and tracking method with
a low-voltage testbench. In Section VI, detailed comparisons
related to power distribution and tracking methods are provided.
Finally, Section VII concludes this article.

II. SYSTEM SIMPLIFICATION AND AC POWER ESTIMATION
A. Architecture of HESS With DAB Interface Converters

The circuit of the DAB converter is depicted in Fig. 2(a);
there are two full bridges and an auxiliary inductor L set in
high-voltage side. Fig. 2(b) presents the waveforms with single-
phase-shift modulation, the switches in each half-bridge are
complementary, and S;/S3 and Q;/Q3 are complementary. De-
fine D as the phase-shift ratio, T}, as half a switching period, and
the time difference DTy, between S; and Q; changes inductor
current iy, rectified current iy, and power flow. The transferred
power from V; to Vs is as follows [23]:

_ [%F2D(A-D), Delo, 0.5 "
SFE DA+ D), De[-05, 0]

where n is the turn ratio of the transformer and f; is the switch-
ing frequency. Positive and negative phase-shift ratios lead to
positive and reverse power flows, respectively.
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Fig. 3. Architecture of HESS with DAB interface converters.
g

The architecture of the dc microgrid with HESS and DAB
interface converters is depicted in Fig. 3, which contains a DG,
normal load, and PPL. As the HESS compensates the total power
mismatch between the DG and all loads, the dc microgrid model
can be simplified to an HESS supplying a lumped load, as
the dashed box in Fig. 3. With the following proposed control
strategy, the SC converter is to be simulated to a current source;
hence, there is an additional filter inductor, i.e., Ly(sc), set at the
output port. Meanwhile, another filter inductor L;,,(aT) set at
the input port of the battery converter plays the role of smoothing
current ripple for battery life extension [24].

B. AC Component Estimation of Load Current

Although the loads are modeled as lumped, it is not practical
to detect total load current, since the loads may be installed in
different locations. To extract the ac component, a load current
estimator is discussed first.

The steady-state function of the battery converter with droop
control is

VoBAT) = Viom — Rarlo(BAT) (2)

where VoBaT) and I,saT) are the output voltage and current
of the battery converter, respectively, Vo is the nominal bus
voltage, and Ry, is the droop coefficient.

According to Fig. 3, the current of HESS always equals
equivalent load current, namely,

lload = To(BAT) T %o(SC) = Ld(BAT) T iCo(BAT) T lo(sc) (3)

where ilad, lo(BAT), and is(sc) are the total load current, the
output current of the battery converter, and the output current of
the SC converter, respectively. Besides, iqaT) is the rectified
current of the battery converter and IqaT) is its average value;
ico(BAT) 18 the current through the output capacitor of the battery
converter.

When the power supply and consumption reach a balance, the
bus voltage keeps steady; thus, ico(saT) is considered as zero.
With the droop characteristics, IqBaT) is replaced with

Id(BAT) = 1o(BAT) — (‘/Ijom - %us)/Rdr (4)

where vy,,5 1S the bus voltage, and all the capital letters indicate
average values of their counterparts.
When the load power changes, ico(BaT) is calculated as

. AVpus
10o(BAT) = Co(BAT)TI; @)

where Cy,(BaT) 18 the output capacitance of the battery converter.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 3, MARCH 2024

According to (2)—(5), the real load current ij,,q and its esti-
mated value ij,adq(EsT) can be derived as

it0ad(8) = (Vaom = Vhus)/ Rar — 5Co(maT) Uhus (5)
+io(sc) (8) ©
. % Vpus (5 OJ2 S
ioad(EST) () = ];::] - bRSsr) - CO(BAT)UbUS(S)m
+io(sc)(8)
AW 1
= o~ tus(8) (g + Comam Gaaitr ()
+io(sc) () @

where Gogi(s) is a second-order differentiator and wp is its
corner angular frequency.

Equation (7) needs only local real-time information of vy
and i, (sc); in addition, the invariable information of Vyom, Rdr,
and Cy(BaT) is known beforehand. Because a typical differ-
entiator s magnifies noises as its high-frequency gain is close
to infinity, a second-order differentiator is adapted here, whose
frequency-domain characteristics are as follows:

2

w3 s
Goaig(07) = —2" | o+ =5
( ) (S +WD)2| —0
w3 s w2
GQdiff("'OO) = ﬁb—ﬂrw = ?D (8)
D

When the angular frequency is lower than wp, Gagig(s) acts
as a typical differentiator, while when the angular frequency
is higher than wp, Gaqig(s) approximates to an integrator with
gain, which could attenuate high-frequency noise.

To extract the ac component of load current, a high-pass filter
(HPF) Gupr(s) is added

GHPF(S) = >

S + wy

©)

where wy is the corner angular frequency of the HPF. Assume
that a unit current pulse happens, the high-pass component is
supplied by the SC unit, and the rest part is supplied by the
battery unit. The ripple of i,(gaT) after the first pulse can be
calculated as

DppL(max)
H 7 ———
PPL(min)

Nigary = 1 — e “ulm <1 ¢ (10)

where tppy, is the pulse duration, Dppr,(max) is the maximum
PPL duty cycle, and fppr(min) is the minimum PPL frequency.
In this article, Dppr,(max) is 30%; a recommendation selection
wH < 0.27fPPL(min) leads to AiO(BAT) less than 20% of pulse
current. One may select a much lower wyy for less AiO(B AT)
however, it also results in very slow response of the HPF [21].
The steady component cannot pass through the HPF; hence,
the ac current reference of the SC converter can be simplified as

Gret(sC) (8) = foad(EsT) (8) GHPE(S)

1
= [vbus(s) (Rd + Co(BAT)sziﬁ'(S))

+io(SC)(S):| GHP}:(S). (11)



DENG et al.: COMMUNICATION-FREE PULSED POWER DISTRIBUTION AND TRACKING METHOD FOR HESS BASED ON ADRC

C. Digital Implementations of AC Current Extraction

The bilinear transformation is applied to (11) to obtain

oo + alz’2

T 1t ozl + agz?

oy + a5z_1

1+ agzt

Gaaifi (2) = Gaaigr (8)| _ 2 121

S=T 1421

2 1271 =
Ts 1421

Ghpr(2) = Gupr(s)|

s=

. Upus (% .
iref(sC)(2) = (— ij ) + io(s0)(2)

- O<BAT>vbus<z>G2dﬂ<z>) Gue(2)  (12)

where Ty is the switching and sampling period and «p—ag are
expressed as

ao=2Tw} /(wpTs+2)%, a1 =—2Twwd/(wpTs+2)?
oy =2(wpTs—2)/(wpTs+2), az=(wpTy—2)*/(wpTs+2)*
ay =2/(wnTs + 2), as = —2/(wnTs+2)
o = (wiTs — 2)/(wnTs + 2). (13)
The discretized equations are shown as
iref(sC) (k] = uz[k] + asz[k — 1] — agirerscylk — 1] (14)
where k denotes the kth sampling instant and

—Ubus [k ]
Rdr

vbusﬁ2diﬁ[k] = QUbus [k] + Q1 Vhus [k - 2]

k] =

+io(s0) k] — CoBAT)Vbus_2dift [K]

— Ubus_adii [k — 1] — a3Ubus_2din [k — 2.
(15)

III. ADRC-BASED AC CURRENT TRACKING

With the ac component extracted, the ac current is set as the
reference of the SC converter i..¢(sc). The widely used PI con-
trol is powerless in this application of tracking high-frequency
iref(sc). Though one could substantially increase open-loop
crossover frequency for faster tracking ability, however, an
enough phase margin (PM) is not guaranteed. In this section,
ADRC is applied to the SC converter to satisfy both desired
tracking ability and pulsed power distribution.

A. Modeling of SC Converter for Current Tracking

The SC converter is different from the general DAB model
with a resistive load [25], there are an extra output inductor
Lo(scy and a dc voltage bus at the output port; in addition, the
control target is tracking varying i,.f(sc), instead of regulating
voltage.

Considering the case of forward power flow, the piece-
wise linear equivalent circuits of the DAB converter are de-
picted in Fig. 4; owing to the symmetry of i, and ig, it is
sufficient to consider half a switching period. Note that the
equivalent series resistor (ESR) R, in the output capacitor
branch is taken into consideration; because C, and L, form
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an LC filter, the ESR actually reduces the risk of undamped
oscillations.

The current of an auxiliary inductor ir, is not regarded as a
state variable because its average value equals zero in a complete
switching period [25]; the reduced second-order state functions
are

dvc
CVo > =14 - .o
a4
diLo .
LOW = Vco + RCO(Id - 7/0) - ‘/bus (16)

where I is the average value of ig from 7y to Ty, and it can be
derived with the help of (1), as follows:

_
 2fL

14 D(1 - D). (17)
The small-signal model can be derived through adding small
disturbance into (16) and taking out the average part [26]. The

state space of the small-signal model is

dd 1 ~
Tl 10 = | o
di, | — | 1L _ Bco i
@ To Lol L%

~LVi2p—1) 0

+ 3 /
—Balini 9D — 1) —2| [Ous

24 rﬂ +[By Bi] L}f]
o= [0 1] [UC} 2¢ [”Zj : (18)

According to the control theory, the transfer function from d
to i, can be derived as

B Thanl(l — 2D)(CORCOS + 1)

-1
Gio_a(s)=C(sE —A) " Bo= (CoLos® + CoReos + 1)L
19)

where E is a second-order identity matrix.

B. Principle of ADRC for the SC Converter

By transforming the transfer function into differential equa-
tion form and introducing a disturbance w into it, the standard
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ADRC form can be derived as

io(SC) = —Qolo(sC) — Qrio(sc) + asd + bd + w (20)
where
0y = 1 = Reosoy
LoscyCosc) Lysc)
0 — ThnVi(1 — 2D)RC0(SC)7 p— TwnVi(1-2D)
LscCosc) LscCo(scyLocsc)
(1)

Note that b is highly related to D, indicating that the dynamic
behavior is affected by the operation point. ADRC has the
mechanism to eliminate the effect of different operation points
by substituting b = by+Ab, where by represents a presupposed
operation point and Ab represents the mismatches caused by
varying operation points, modeling errors, and parameters un-
certainties, which would be compensated by the Luenberger
observer. In this article, the SC converter runs in a bidirectional
power flow mode; hence, D = 0 is the best compromise when
calculating b.

By combining —agiqsc) — aﬂo(sc) + asd, disturbance w,
and modeling mismatches Abd with the so-called generalized
disturbance f, the differential equation of (20) changes to

.Z:o(SC) = bod —agpio(sc) — alio(SC) + Abd + agd +w. (22)

f

The crucial concept of ADRC is that if f can be eliminated,
the open-loop transfer function of Giosc)_a(s) will be trans-
formed to a second-order integrator system by/s*; then, a simple
proportional—differential (PD) controller is enough to balance
the tracking and stability performance.

According to the differential equation (22), a newly defined
state space with the extended state variable fis derived as

.Z.:o(SC) 0 1 0f [iosc) 0 o
io(SC) =0 0 1 lo(sc) |+ bo| d+ [0 f
7 00 0|]| f 0 1

Io(SC)

12

Ae |iosc) | + Bed + E. f
f

lo(SC) lo(SC)
iosc)y = [1 0 0] io(?c) = Ce io(?c) (23)

where A, Be, C., and E, are extended state-space matrices.
Then, a Luenberger observer is set up in the extended state
space

lo(50) lo(50) Lot )
io(SC) :Ae io(§C) + Bed+ | lob2 (io(SC) _io(SC))
f f lob3
?o SC)

(
o(SC)

f

= (Ae - Lobce) 7 + Bed + Lobio(SC) (24)
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Observer

Fig. 5. ADRC-based current tracking of the SC converter.

where Loy, = [lob1s lob2, lops]T is the observer vector and the
symbol ” presents the estimated value. Note that f does not
exist in this observer, which is a common practice in ADRC
because f can always be estimated by the correction function of
Loy, [27], [28], [29], [30].

One can design a PD control law as follows:

Kp (iref(SC) - %O(SC)) — Kpiosc) — f
bo

d= (25)

with which the closed-loop dynamics is a typical second-order
oscillation element if f = f holds, and it is easy to adjust the
dynamic behavior by tuning Kp and Kp, i.e.,

iosc) =bod + f=Kp (iref(SC) _'Zo(SC)> —Kpioscy—f + f

~ Kp(iref(s0) — fo(sc)) — Kpio(sc)- (26)

With (26), the ADRC-based current tracking of the SC con-
verter is depicted in Fig. 5.

C. Parameter Design of ADRC

The closed-loop dynamic behavior of (26) is transformed to
frequency-domain form

iosc)(8) Kp
iref(sc)(s) 8%+ Kps+ Kp

Gio(SC)_ref(s)

w2

B 27
§2 4+ 2Cwy s + w2 @7)

12

where w,, and ( are the oscillation angular frequency and the
damping coefficient, respectively. To ensure a smooth current
tracking dynamics without overshoot at all operation points, ¢
is set to 1.2 in this article; hence

Kp = 0.17K2 2 w2, (28)

In (27), there are two separated poles located at the real axis
in the s-plane; if we ignore the one further away from the origin,
the time-domain unit step response of (27) is simplified with

h(t) =1 — TV EDwnt, (29)

Define the settle time 7, as the unit step response time that
the output reaches 0.98 from 0; with a presupposed (, wn et can
be derived by solving

h(tset) = 1 — e(_<+ V <2_1)wntse[ — 098 (30)
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Generate ac current reference
Calculate vy 2air[k] through discrete Gagig of (15)
Calculate i, [ k] through discrete HPF of (14)

Calculate the next phase-shift ratio d
Estimate state variables through discrete observer of (A3)
Calculate d[k+1] through PD control law of (A5)

A

Update d[k+1]

Fig. 6. Flowchart of the SC controller.

Unity Gain

Fig. 7. Droop control scheme of the battery converter.

Then, Kp and Kp can be derived using (28)—(30) as

1. .
KP%5 84 KDz1746.
2 ’
tset tset

€1y

Above discussions are based on the assumptions that the
Luenberger observer is fast enough to estimate f, which means
that the bandwidth of the observer w,}, should be much larger
than w,,. With the bandwidth-parameterization method [31], the
triple poles of the observer (24) are located at the same position
in the s-plane, i.e., (—~wopb, 0). The characteristic polynomial of
the observer (24) is

det(sE — (Ae — LonCe)) = 5° + lob1 57 + lop2$ + lob3

(5 — (—wa))”

12

(32)
where

lob1 = 3wab, lobz = 3wy, lobs = Wi (33)

generally wop, = (3 ~ 10)wy,, which is a compromise between
fast observation and high-frequency noise sensitivity [32].

All the parameters of the SC controller can be calculated once
tset and the presupposed phase-shift ratio D are determined,
iIlCllldiIlg b(), Kp, KD, and lobl_lob3~

The discrete ADRC derivation and controller law can be found
in the Appendix. Fig. 6 shows the complete flowchart of the SC
controller.

D. Droop Characteristics of the Battery Converter

Like any other DAB converter with double-loop control, the
battery converter commonly takes /g as the inner current loop
[33], and the control block is shown in Fig. 7. The inner current
loop is regarded as unity gain since its bandwidth should be
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TABLE I
PARAMETERS OF CONVERTERS

Parameters Values Parameters Values

Nominal input voltage 48V Turns ratio of 12
v transformer 1:n

NommalVbus voltage 100 V Auxiliary 2nductance 20 uH
Switching frequency f; 50 kHz Equivalent bus 400 pF

capacitance Cp
Output capacitance C,

Input capacitance Cj,

400 pF/50 mQ 400 pF/50 mQ

and ESR and ESR
Input inductance Li, Output inductance L,
and ESR (battery 4.7 uH/10 mQ and ESR (SC 4.7 uH/10 mQ
converter) converter)

“Unless otherwise stated, the battery converter and the SC converter share these parameters.

TABLE II
PARAMETERS OF CONTROLLERS

Controller parameters of the battery converter

Parameters Values Parameters Values
PI compensator of 1.45 + PI compensator
outer voltage loop 3'2 4s of inner current 0.02 +32.4/s
Gy(s) ) loop Gi(s)
rad/s coefficient Ry,
for Iy
Controller parameters of the SC converter
Parameters Values Parameters Values
Corner angular Corner angular
frequency of 18.84E3 frequency of 3.14 rad/s
second-order rad/s HPF o
differentiator wp H
b 2.55E10 Observer lpi—lops  1.88E5/1.18E10/2.47E14
Kp 2.07E8 Kp 3.49E4

designed to be much higher than that of the outer voltage loop.
The only difference from common droop control is replacing
i, with I3 in the droop feedback path, which helps to reduce a
current Sensor.

With a reasonable voltage compensator, the closed-loop
bandwidth of the voltage loop could be designed as
wy(BAT) = /(Ra:Co(BAT)); then, closed-loop output impedance
Zoc(BAT)($) is shaped to approximately an LPF [34], i.e.,

RywyBaT
Zoe_aPx(BAT)(S) = s—}—rwi((BAT))' (34)

IV. FREQUENCY-DOMAIN ANALYSIS

Assume that the minimum pulse time is 1 ms, which satisfies
a large number of PPLs [35], [36], [37]; there should be enough
time margin when selecting #.¢. Since in the control strategy of
the SC converter, the dynamic behavior of iy(sc) is no longer
a simple step response with a constant current reference, but a
varying reference, one should accelerate the tracking dynamic
to compensate the time delay from the ac current estimation
algorithm of (12)—(15). In this article, #. is set to 0.5 ms, the
corresponding wy, is 1.44E4 rad/s, and wgy, is selected as 6.28E4
rad/s to attenuate the switching and sampling ripple noises with
frequency higher than 10 kHz. Other parameters are listed in
Tables I and II.



3030
2
2
2
g
-
]
1
a
_ 0
g
T 45 v,
3 T R lB o
S 90 O —— Gy asc -
E] io_d(sC) ==
R 135 A == Giaa@an GOO
Vo Zewn i
-180
10' 108 10° 10 10°
Frequency (Hz)
Fig.8. Modeling verification of transfer functions related to the DAB converter
(D = 0.25).
0,
g0
2
2 20
=
on
S 40
=0
45
_ 0
g
O S
g — GiSC)ref
é 90F O p=0.25 T
A p=o iiE[ X%
-135) | 1€)
V D=-0.25
-180
10' 10 10 10! 10°
Frequency (Hz)
Fig. 9. Verifications of transfer functions Gio(sc)_ref at different operation
points.

A. Modeling Verification

Fig. 8 shows the theoretical models and simulation results by
the MATLAB/Simulink frequency-sweeping tool. The sweep-
ing results marked by discrete symbols always follow the an-
alytical ones represented by lines, proving that those transfer
functions are accurate enough for controller design.

As analyzed before, the observer has the compensation mech-
anism that makes the current tracking performance consistent
even at different operation points. In Fig. 9, the solid line is
the theoretical bode plot of Gio(sc)_ref When ¢ equals 1.2; the
discrete symbols are frequency-sweeping results, and they match
well.

B. Frequency-Domain Analysis on Power Distribution and
Droop Characteristics

The whole system is further simplified in Fig. 10. As (11)
and (27) imply, the SC converter acts as an adaptive current
source (ACS) that only tracks ac current. The closed-loop output
impedance of the battery converter Z,.aT) can be simplified
as Zoc_APX(BAT) in (34), and its low-pass characteristics are
exactly in line with a voltage source with Rq, and Cy(BaT).
Define CTR(sc)(s) and CTR B AT)(s) as the current transfer ratio
from ijpaq 10 io(sc) and iq(BaT), respectively, which indicate
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how much current the SC and battery converters provide to the
load. Define Z,,(s) as the parallel output impedance of the two
converters, and it determines how the dc bus responds to load
current. The following expressions are derived from Fig. 10:

H0ad(8) = io(BAT) (8) + io(sc)(s)

Vbus(8) = — io(BAT) (5) Zoc(BAT) (5)
A — io(BAT)(8) Zoc_APX(BAT) (S)
io(sC)(8) = tload(EsT) (8) GHPF () Gio(sC)_ref (5)

io(BAT)(8) = aBAT)(S) + ico(BAT)(5)- (35)

CTR(s) and Z,,(s) with ADRC can be derived as

io(SC)(S) A1Ag
CTRsoy(s) = =
s0) (%) iload(s) 1= A1+ A1A
io(BAT)(5) 1-A
CTR = =
(BAT)(S) iload(s) 1—A1+A1A,
Vbus(8)  —Zoc_apx(BaT)(8)(1 — A1)
ZOp(S) = - = —
Zload(S) 1—A1 +A1A,
(36)
where
A1 = Gupr(5)Gio(sc)_ref(8)
1
Ay = Zye_apx(BAT)(5) R + CoeaT)Gaairr(s) (37)

Fig. 11 shows CTR(sc)(s), CTR(BAT)(s), and Z,(s), in which
frequency domain is divided into three frequency bands (FBs),
where FB1 and FB2 are at 0.5 and 900 Hz, respectively.
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CTR(sc)(s) shows relatively lower gain than CTRBaT)(s) when
the frequency is lower than FB1, verifying that the very low fre-
quency power is mostly supplied by the battery converter. From
FBI1 to FB2, |CTR(sc)(s)| is much larger than [CTRBaT)(s),
leading to that the ac power is mainly supplied by the SC
converter. When the frequency is higher than FB2, |CTR sc)(s)|
reduces; because the SC converter could not track the ac current
with such high frequency, improving FB2 is crucial to track
high-frequency current.

In addition, the dc gain of Z,,(s) equals 20I1gRy;,, indicating
that the droop characteristics of the battery converter are unaf-
fected, even though adding an SC unit to the system.

C. Comparison With a PI Compensator

ADRC shows desired future that the dynamic behaviors are
almost coincident at varying operation points, which is favorable
for the SC converter, since it frequently changes the operation
point when PPL occurs. However, if the PI compensator is
used, one should consider PM at different operation points.
Fig. 12(a) shows an example of PI design at the operation point
D = 0, following the principle of PM larger than 60°, and the
compensator is 0.008 + 90/s. The PI compensator necessarily
lowers crossover frequency to avoid the resonance peak; finally,
the closed-loop bandwidth is about 300 Hz.
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As a comparison of Fig. 11, Fig. 12(b) shows CTR(s) and
Zop(s) with the PI-compensated SC converter, where FB1 and
FB2 are at 0.5 and 400 Hz, respectively; apparently, FB2 of PI
control is much lower than that of ADRC, leading to a poorer
high-frequency ac current tracking performance.

V. EXPERIMENTAL RESULTS

An experimental testbench is established, as depicted in
Fig. 13. The parameters are the same as in Tables I and II.
The battery pack consists of four 12 V lead-acid cells in series,
and the SC with the capacitance of 165 F is from Maxwell
Technology. The converters are controlled by two independent
microcontrol units (MCUs) of TMS320F280049 from Texas
Instruments, and there is no communication between them. A
10 Q slide rheostat simulates the PPL and is controlled by a
periodically switching MOSFET. The normal load is simulated
by an electrical load.

A. Steady Power Distribution and Tracking Performance

Fig. 14(a)—(c) depicts the steady waveforms of the proposed
pulse power distribution with ADRC; the duty cycle of PPL is
30%, and the peak power is about 1 kW. When the PPL requires
10 A peak current for an instant, the SC converter immediately
outputs 7 A peak current; when the PPL stops intermittently,
the output current SC converter i,(sc) stays at =3 A, proving
that the SC converter provides almost all the ac current of PPL.
The battery converter, by contrast, only provides a very small
portion of pulsed power; the negligible fluctuation of ig o1 could
confirm it.

Fig. 14(d)—(f) shows the waveforms when the PI compensator
is used instead of ADRC. Taking Fig. 14(c) and (f), i.e., the
cases of 150 Hz PPL as examples, the SC converter with the PI
compensator shows much slower current tracking performance;
hence, the battery converter needs to provide more pulse power.

Fig. 15 illustrates similar comparative results when PPL duty
cycle is reduced to 15%; the tracking current of the SC converter
ranges from —1.5 to 8.5 A. In Fig. 15(c), the tracking time of
ADRC is about 1 ms, reaching the peak current just before
the PPL stops intermittently. However, in Fig. 15(f), the SC
converter with the PI compensator could not reach peak current
in time, resulting in larger ac power supply by the battery
converter and larger dc bus fluctuation.
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To clearly compare the influence of different controls to the dc
bus, the ac coupling of the oscilloscope is used while measuring
bus voltage fluctuation (the first channels in Figs. 14 and 15).
Table I lists the peak-to-peak dc bus voltage fluctuation; ADRC
demonstrates advantages over the PI compensator under all
tested PPLs. However, in the case of 150 Hz PPL frequency and
15% duty cycle, ADRC demonstrates a smaller performance
advantage, because neither of them could track the pulse less
than 1 ms.

TABLE III

DC BUS FLUCTUATION COMPARISON WITH DIFFERENT CONTROLS

PPL characteristics Controls Bus voltage fluctuation
Frequency | Duty cycle | ADRC PI reduction by ADRC
10 Hz 30% 46V | 88V 47.7%
15% 54V | 92V 41.3%
50 Hz 30% 5.8V | 100V 42.0%
15% 46V | 88V 47.7%
30% 54V | 100V 46.0%
150 Hz 15% 60V | 80V 25.0%
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TABLE IV
COMPARISON OF POWER DISTRIBUTION METHODS

Power distribution Steady-transient distribution DC-AC distribution
methods
. . . Adaptive current source
Implementation LPF [10], [38] Virtual capacitor [17],[18], [39] (this article)
Design complexity Low High Medium
Implementgtlon Low Low Medium
complexity
Communication Not free Free Free
Adapt to PPL Not Only adaptation to very low frequency | Adaptation to PPL with wide
PPL frequency range
Constraints LPF with very low corner frequency Impedance-based parameter design Performance highly relies on
deteriorates the recovery of bus voltage requires repeated debugging [17] the power tracking method
. . . S Distributed dc microgrid with/without Distributed dc microgrid
Applications Centralized dc microgrid without PPL very low frequency PPL affected by PPL
. L . oo .
B. Dynamic Power Distribution and Tracking Performance ' 1 Vbus(20V/div)
Fig. 16 depicts the dynamic distribution and tracking wave- X Varoop=3V ;
forms under different PPL frequencies; the duty cycle and PPL B fnaa(10A/div)
running time are fixed at 30% and 500 ms, respectively. About o]
) . Toso(10A7div)
150 ms after the first power pulse, the ac component estimation R
algorithm gets the ac current reference, and the SC converter o il{A’l‘(10A<diV):
has caught up with it; meanwhile, the battery converter provides ,M_\*-——
more dc power to maintain power balance. Because the dc TTTTE - _ t(420m7/d1 >
o ! L - 1 ; 1M points 4804 21:16:51

current of PPL is 3 A and the droop coefficient Ry, is set to
1 V/A, the bus voltage reduces by 3 V. When PPL stops, the bus
voltage is restored to the original value. The experimental results
indicate that the droop characteristics of the battery converter are
unaffected when PPL is in the system.

C. Dynamic Performance When Only Normal Load Works

Fig. 17 shows the waveforms when only normal load is in
the system. When the normal load jumps from 1 to 4 A, the
SC converter immediately supplies transient power, and battery
current igaT rises slowly until a new steady state, avoiding
the transient current surge outflowing the battery pack. Ow-
ing to the droop characteristics, there is a 3 V bus voltage
reduction.

The experimental result indicates that the proposed power
distribution method is not only for PPL but also suitable for the
case where PPL stops and only normal load works.

Fig. 17.  Experimental waveform when only normal load works.

VI. COMPARISONS AND DISCUSSIONS

The proposed control strategy is a combination of power
distribution and tracking methods. Table IV compares the power
distribution methods. The methods based on the LPF and the
virtual capacitor require SC converter handling transient power,
which is only a small part of varying power, resulting in that
these methods can only be used when the load contains no or
very low frequency periodical power; otherwise, most of the
periodical power would be still provided by the battery unit. On
the contrary, with the dc—ac distribution, all periodical power is
handled by the SC unit; thus, the advantages of the HESS are
fully exploited.

However, dc—ac distribution necessarily requires a fast con-
troller for the SC converter, because it always tracks step power
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TABLE V
COMPARISON OF POWER TRACKING METHODS

Power tracking ADRC
methods LQR [6] MPC [38], [41], [42] DBC [40], [43] (this article)
Design complexity Medium High Low Medium
Implementz'itlon Low High Low Medium
complexity
Slow and . .
Performance accurate Fast and with steady error [41] Fast and with overshoot Fast and accurate
Robust, parameter Medium, relies on model Poor, heavily relies on parameter Robust, parameter
Robustness mismatch is accuracy, needs additional accuracy, needs additional mismatch is eliminated
acceptable compensation [42] parameter identification [43] by the observer

if PPL occurs. Table V compares ADRC with other advanced
controls. Though the nonlinear controllers, such as MPC and
DBC, show outstanding performance, however, the performance
often deteriorates due to model and parameter inaccuracies. Be-
sides, the calculation burdens of MPC and DBC with parameter
identification require a very high performance MCU. In contrast,
ADRC shows better tracking performance than PI control and
LQR control, with the robustness against model and parameter
uncertainties.

Therefore, the combination of dc—ac power distribution and
ADRC could be a simple and effective method for the HESS
supplying PPL in a distributed dc microgrid.

VII. CONCLUSION

This article proposed a communication-free pulsed power
distribution and tracking method for the HESS in a dc microgrid,
which is based on the concept of dc—ac component. A well-
designed SC converter with ADRC could track ac component of
PPL, and the battery converter only provided the dc component,
avoiding the dc bus suffering from large-scale and periodical
fluctuation. Moreover, the droop characteristics of the battery
converter were unaffected. With the frequency-domain analysis,
the principle of power distribution mechanism was illustrated.
The experimental results of two DAB converters supplying
10-150 Hz PPL validated the effectiveness of the proposed
power distribution method, system modeling, and controller
designs.

APPENDIX

This appendix provides a brief derivation of discrete-time
ADRC, and a more detailed derivation can be found in [27]
and [32].

To avoid confusion, the superscript ~ represents the predicted
state variables based on the model, and the superscript * repre-
sents the corrected ones by the observer. The prediction and
correction processes are expressed as

&[k] = Aqilk — 1] + Bad[k — 1]
&[k] = Z[k] + La(y[k] — Caz[k])

~ * T . 2 AT

where T = [ig(sc) Tosc) f] > = [lo(sc) to(sc) f] » Ad> Bas
and Cq4 are transformed from their discrete-time counterparts
in (24) through zero-order-hold discretization, and Lq is the
discrete gain vector of the current observer.

(AD)
(A2)

Substituting (A1) into (A2), the complete discrete observer is
derived as

C@[k’] = (Ad — LdCdAd)i’[k — 1] + (Bd — LdCdBd)d[k‘ — 1]
+ Lay[k]. (A3)

The desired observer poles in the s-plane are designed at (—
Wob, 0) and then mapped to the z-plane via z,, = e~woTs Similar
to the continue observer that the poles are set in a same location,
the discrete observer follows that

A
det(2E — (Aq — LaCaAa)) = (2 — z)”. (A4

By solving (A4), Lq is obtained. According to the control law
in (25), the phase-shift ratio calculated in the kth period is

d[k] = Kp (irei(so) k] — dogso) [k]) — KD%O(SC) k] — f[k].

bo
(AS)
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