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Abstract: The high-power density and capability of three-port converters (TPCs) in generating
demanded power synchronously using flexible control strategy make them potential candidates for
renewable energy applications to enhance efficiency and power density. The control performance of
isolated TPCs can be degraded due to the coupling and interaction of power transmission among
different ports, variations of model parameters caused by the changes of the operation point and
resonant peak of LC circuit. To address these issues, a linear active disturbance rejection control
(LADRC) system is developed in this paper for controlling the utilized TPC. A virtual damping based
method is proposed to increase damping ratio of current control subsystem of TPC which is beneficial
in further improving dynamic control performance. The simulation and experimental results show
that compared to the traditional frequency control strategy, the control performance of isolated TPC
can be improved by using the proposed method.

Keywords: three-port converter; linear active disturbance rejection control; virtual damping; linear
extended state observer

1. Introduction

The demand for three-port converters (TPCs) in renewable energy generation systems is increasing
due to the compact structure of these converters and their ability to handle demanded power
synchronously [1–5]. The TPCs not only facilitate multifunctional and multidirectional regulation
for electrical power transmission but also provide flexibility in power control and power density
enhancement in power conversion systems [6–10].

In an isolated three-port converter, the three windings of an isolated transformer share the same
magnetic core, therefore there are unavoidable couplings of power transmission among the three
ports of TPC. Decoupling control methods with proper decoupling factors are usually employed in
three-port converters to achieve two single-input single-output (SISO) subsystems [11–14]. A classical
frequency control theory is usually utilized to design controllers for each port respectively. Since the
small signal models employed to design the controllers are produced by linearization of the nonlinear
model of TPC at a steady-state operating point, the decoupling and dynamic performances of TPC
control system can be degraded significantly by the variation of the operating point. Particularly,
since the small signal models of TPC depend on a specific operating point, in a transient state process,
a heavy change of the operating point parameters may affect decoupling of different ports and
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dynamic performance of the control system. Generally, the three-port converter is a multiple-input
multiple-output (MIMO) system, several phase-shifting angles and equivalent duty cycles can be
used as control signals, and several voltages and currents of different ports can be assigned as the
output signals. A linear quadratic regulator (LQR) based method is applied in ref. [15] to develop a
multivariable controller for a three-port converter. Though the LQR method seems capable of achieving
performance balance of different ports, it has relatively high sensitivity to the accuracy of system
parameters. The parameters of the control models will vary with the change in operating point as
these small signal based models used in the control system design are derived at a specific steady state
operating point. Also, the design of the parameters of the time domain based LQR method is relatively
complex compared to the frequency domain design method.

The LADRC method was first proposed by Zhiqiang Gao, and it has advantages of tolerating
changes in model parameters and possesses an inherent decoupling ability that is useful for control
system design [16]. In the LADRC method, the influences of model parameter deviations and external
interferences can all be regarded as a generalized disturbance [17]. Therefore, the linear extended
state observer (LESO) [18,19] can be used to estimate the state variables and generalized disturbance,
and the observed signals are used to synthesize control signal in the control system. Compared to
conventional PI controller, the LADRC method is shown to enhance the dynamic performance of the
control system in [20].

In order to improve the dynamic control performance of an isolated three-port converter in this
study, the LADRC method is employed to decrease negative impact of reactions among different ports,
and obtain high control performance under load change conditions.

The rest of the paper is organized as follows. In Section 2, the topology, modulation method,
power delivery relationship, and control-oriented small signal models are presented. The design of a
LADRC based control system for a three-port converter by utilizing its current and voltage control
small signal models, and the proposed virtual damping method to suppress the resonant peak in the
current control subsystem are given in Section 3. Also, in this section, the principle and the design
procedure of decoupling control are briefly illustrated for comparison purposes. The simulation and
experiment results are presented in Section 4. Finally, the conclusion is provided in Section 5.

2. Topology and Modeling of TPC

The circuit topology of an isolated TPC is presented in Figure 1a. In this figure, a DC power
supply (e.g., it can be a fuel cell or a photovoltaic cell) is set in Port 1, and the power supply, vd1 is
connected in series with an inductor Ld1, and re represents the equivalent series resistance (ESR) of Ld1.
There is 180◦ phase shift between leg A and leg B, and the duty cycles of all switches in Port 1 are set
to be 50% and the drive signals of the switches on the same leg are complementary. The Port 2 and
Port 3 are connected with load and energy storage (ES) respectively and their switching patterns are
as same as the switching mode of Port 1. A simplified equivalent ∆-connected circuit of the TPC by
transferring the related parameters of Port 2 and Port 3 to Port 1 is given in Figure 1b. If the voltage
between the middle points of leg A and leg B, v1 is defined as a reference, the phase shifts of v2 and v3

relative to v1 are denoted as ϕ12 and ϕ13 respectively, and they are shown in Figure 1c. Moreover, L1,
L2, and L3 are equivalent series inductances (including winding leakage inductance and additional
inductance) of the three transformer windings. The expressions of L12, L13, and L23 of the ∆-connected
circuit shown in Figure 1b are defined by (1).

L12 = L1 + L′2 + L1L′2/L′3
L23 = L′2 + L′3 + L′2L′3/L1

L13 = L′3 + L1 + L1L′3/L′2

(1)
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L′2 and L′3 are expressed by (2).

L′2 =
N2

1 L2

N2
2

, L′3 =
N2

1 L3

N2
3

(2)

Energies 2018, 11, x FOR PEER REVIEW  3 of 14 

 

 

22
' ' 1 31 2
2 32 2

2 3

,
N LN L

L L
N N

 (2) 

Q1

Q
4

Q2

Q
3

A

B

N1
vd1

L1

Cd1

v1

ids i1

S1

S4

S2

S3

C

D

vd3

L3

v3

id3

i3

K1

K4

K2

K3

E

F
vd2

L2

Cd2
v2

id2

i2

Port1

Port3

Port2

RL

P1

P3

P2

L12

P12

P1

P3

P2

(a)

(b) 

i1

i3

i2i12

i13 i23

φ12

φ13

2π

(c) 

N2

N3

id1

Ld1

vc1

ic2

re

io

'

3
v

1
v

'

2
v

1
v '

2
v

 

Figure 1. The isolated three-port converter: (a) topology; (b) equivalent Δ-connected circuit; (c) 

modulation scheme. 
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Figure 1. The isolated three-port converter: (a) topology; (b) equivalent ∆-connected circuit;
(c) modulation scheme.

In each switching cycle, the total power transmitted between any two ports is approximated to its
fundamental component. Therefore, the Fourier expansion based fundamental component analysis
method is employed for theoretical analysis in this study. By utilizing the equivalent ∆-connection
circuit in Figure 1b, the power equations of each port can be written as in (3).

P1 = P12 + P13

P2 = −P12 + P23

P3 = −P13 − P23

, (P1 + P2 + P3 = 0) (3)

where 

P12 = 8N1
π2 N2ωsL12

Vd1Vd2 sin ϕ12

P13 = 8N1
π2 N3ωsL13

Vd1Vd3 sin ϕ13

P23 =
8N2

1
π2 N2 N3ωsL23

Vd2Vd3 sin(ϕ13 − ϕ12)

(4)

In (4), Vd1, Vd2, and Vd3 are the rated amplitudes of v1, v2, and v3, N1, N2, and N3 are the
transformer winding turns of respective ports, and ωs is the switching angular frequency. Since the
summation of P1, P2 and P3 is kept at zero as shown in (3), that means the power of one port can be
determined using the powers of the other two ports. From this point of view, the energy storage port is
usually taken as an energy buffer that can be charged or discharged determined by the power delivery
and load conditions of Port 1 and Port 2 respectively. According to (3) and (4), the power of Port 1 and
Port 2 can be formulated as (5) and (6) respectively.

P1 =
8N1Vd1Vd2

π2N2ωsL12
sin ϕ12 + P1 =

8N1Vd1Vd3

π2N3ωsL13
sin ϕ13 (5)

P2 = −8N1Vd1Vd2 sin ϕ12

π2N2ωsL12
+

8N1Vd2Vd3 sin(ϕ13 − ϕ12)

π2N2N3ωsL23
(6)
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Therefore, the corresponding average currents in each switching cycle can be derived as (7) and
(8) respectively.

īd1 =
P1

Vd1
= P1 =

8N1Vd2

π2N2ωsL12
sin ϕ12 +

8N1Vd3

π2N3ωsL13
sin ϕ13 (7)

īd2 =
P2

Vd2
= −8N1Vd1 sin ϕ12

π2N2ωsL12
+

8N2
1 Vd3 sin(ϕ13 − ϕ12)

π2N2N3ωsL23
(8)

By applying partial differential operation in (7) and (8) respectively, (9) can be obtained for a
steady-state operating point A (ϕ120, ϕ130).

G11 = ∂id2
∂ϕ12

∣∣∣
A
= − 8N1Vd1 cos ϕ120

π2 N2 N3ωsL12
− 8N2

1 Vd3 cos(ϕ130−ϕ120)

π2 N2 N3ωsL23

G12 = ∂id2
∂ϕ13

∣∣∣
A
=

8N2
1 Vd3

π2 N2 N3ωsL23
cos(ϕ130 − ϕ120)

G21 = ∂id1
∂ϕ12

∣∣∣
A
= 8N1Vd2

π2 N2ωsL12
cos ϕ120

G22 = ∂id1
∂ϕ13

∣∣∣
A
= 8N1Vd3

π2 N3ωsL13
cos ϕ130

(9)

Consequently, (9) can be simplified as (10).[
ĩd2

ĩd1

]
=

[
G11 G12

G21 G22

][
ϕ̃12

ϕ̃13

]
= GA

[
]̃ϕ12
ϕ̃13

]
(10)

As shown in (9), besides the circuit parameters, the value of any matrix element in GA, Gxy (x = 1, 2
and y = 1, 2) is determined by the steady-state parameters (ϕ120 and ϕ130). And it can be also seen
from (10) that there are couplings between ĩd1 and ĩd2 caused by G21 and G12.

The small signal linearization model of the three-port converter can be derived as in (11) by
applying KCL and KVL laws in Figure 1.

Cd2
dṽd2

dt = − ṽd2
RL
− G11 ϕ̃12 − G12 ϕ̃13

Ld1
dĩds
dt = ṽd1 − ṽc1 − re ĩds

Cd1
dṽc1
dt = ĩds − G21 ϕ̃12 − G22 ϕ̃13

(11)

3. Control Strategy for TPC

3.1. Decoupling Control for TPC

Assuming the matrix, GA given in (10) can be simplified to a diagonal matrix given in (12) by
introducing a decoupling matrix H defined in (13).[

G11 G12

G21 G22

][
H11 H12

H21 H22

]
=

[
G11 0
0 G22

]
(12)

H =

[
H11 H12

H21 H22

]
=

 G11G22
G11G22−G12G21

−G12G22
G11G22−G12G21

−G11G21
G11G22−G12G21

G11G22
G11G22−G12G21

 (13)

The decoupling control block diagram is presented in Figure 2. In this figure, Gv and Gc represent the
voltage controller and current controller respectively, which can be synthesized by using Bode plot
based design method in frequency domain. In Figure 2, the open loop transfer functions of the voltage
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and current control subsystems are Gvo = G11G1 and Gco = G22G2 respectively, the transfer functions of
G1 and G2 are given in (14). The resonant angular frequency of G2 is ωn = 1/

√
Ld1Cd1.{

G1(s) =
RL

RLCd2s+1
G2(s) = 1

Ld1Cd1s2+reCd1s+1
(14)
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3.2. Virtual Damping Method

For Port 1 in Figure 1, Ld1 and Cd1 are utilized to constitute an LC filter to limit the amplitude of the
double-switching frequency component of ids and reduce the negative impact of high-frequency ripple
current on the power source (e.g., a fuel cell). However, this might cause performance degradation
or an instability issue in current control subsystem due to the high resonant peak and a very weak
damping ratio introduced by a pure LC circuit (re = 0) or with a very small value of re shown in (14).
Though the resonant phenomenon can be addressed by decreasing the current control bandwidth, the
dynamic performance cannot be guaranteed.

The block diagram of the current control subsystem, Gco = G22G2 is presented in Figure 3 according
to (11). The transfer function, Hvr in Figure 2 is a compensation function that is proposed to implement
virtual damping in this paper. The expression of Hvr is shown in Figure 3. In this figure, rv is the desired
virtual resistor. If the output of Hvr, which is ϕ̃vr, is moved from the point A to the point B, then, Hvr

in Figure 3 is changed to rv/
(
s/ωp + 1

)
, and it makes Hvr a rational fraction. ωp is used to attenuate

the high frequency noise, and if the value of ωp is high enough, then, rv/
(
s/ωp + 1

)
≈ rv becomes

a resistor connected in series with re, and the damping ratio of G2 becomes (r s + rv)/2×
√

Cd1/Ld1
with the introduction of rv as a virtual resistor. In practical applications, the sampled ids is passed
through Hvr, and then added to the output of the current controller to obtain the final phase shift
between Port 1 and Port 3, and the value of ωp can be selected between ωs and ωs/2.
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The LESO of current control subsystem is constructed by (19). 

Figure 3. Schematic diagram of virtual damping implementation.
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3.3. LADRC for TPC

The small signal model shown in (11) can be transformed into two subsystems to implement
the LADRC based control method. The two differential equations for current control subsystem and
voltage control subsystem are given by (15) and (16) respectively.

..
ĩds = −

1
Cd1Ld1

ĩds −
re

Ld1

.
ĩds +

G22

Cd1Ld1
ϕ̃12 +

1
Ld1

.
ṽd1 + (

G21

Cd1Ld1
− bc)ϕ̃13 + bc ϕ̃13 = fc + bc ϕ̃13 (15)

.
ṽd2 = − 1

RLCd2
ṽd2 −

G12

Cd2
ϕ̃13 + (−G11

Cd2
− bv)ϕ̃12 + bv ϕ̃12 = fv + bv ϕ̃12 (16)

In (15) and (16), ṽd2 and ĩds are taken as the output variables of the two subsystems, ϕ̃13 and ϕ̃12 are
the control signals of the current control subsystem and the voltage control subsystem respectively.

ϕ̃13 is considered as an external disturbance of voltage control subsystem, while ϕ̃12 is considered
as an external disturbance of the current control subsystem. Furthermore, f c and f v are used to
represent the generalized disturbances that are associated with both inner and outer variable elements
of the two subsystems (e.g., coupling, load, and operating point related parameter changes, etc.). In
practical situations, the generalized disturbances, f c and f v are usually unknown and cannot be directly
measured. Therefore, LESO is adopted to evaluate the generalized disturbances and relevant state
variables in the LADRC method.

As for the current control subsystem, xc=
[̃
i

ds

.
ĩds fc

]T
is selected as the state vector, the augmented

state space model is formulated by (17){
.
xc = Acxc + Bc ϕ̃13 + Ec

.
f c

ĩds = Ccxc
(17)

where 

Ac =

 0 1 0
0 0 1
0 0 0


BT

c =
[

0 bc 0
]

ET
c =

[
0 0 1

]
Cc =

[
1 0 0

]
(18)

The LESO of current control subsystem is constructed by (19).{
żc = [Ac − LcCc]zc + [ Bc L c

]wc

yc = zc
(19)

where yc= zc =
[

zc1 zc2 zc3

]T
is the observed vector of xc. wc =

[
ϕ̃13 ĩds

]T
and Lc given

in (20) is the observer gain that can be designed using the pole placement method [17].

Lc =
[

3ωoc 3ω2
oc ω3

oc

]T
(20)

where ωoc is the equivalent bandwidth of the observer.
It should be noted that the disturbance caused by the resonance of Ld1Cd1 circuit is included

in the generalized disturbance, f c, therefore, the value of ωoc should be at least twice as large as ωn,
that means ωoc/ωn ≥ 2 should be satisfied to make the LESO obtain accurate value of f c, otherwise,
the control performance might be significantly degraded.
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Similarly, the LESO used for voltage control subsystem is presented in (21).{ .
zv = [Av − LvCv]zv + [ Bv L v

]wv

yv = zv
(21)

In (21), wv =
[

ϕ̃12 ṽd2

]
. yv = zv =

[
zv1 zv2

]T
is the output vector of (21) that corresponds to

xv =
[

ṽd2 fv

]T
. And the coefficient matrix in (21) are given in (22).



Av =

[
0 1
0 0

]

BT
v =

[
bv 0

]
ET

v =
[

0 1
]

Cv =
[

1 0
]

(22)

The corresponding gain vector of the voltage LESO, Lv is shown in (23).

Lv =
[

2ωov ωov
2
]T

(23)

Assuming fc and fv can be observed accurately (zc3 = fc, zv2 = fv), and if ϕ̃13 and ϕ̃12 in (15) and (16)
can be expressed as (24). {

ϕ̃13 = (uc−zc3)
bc

= (uc− fc)
bc

ϕ̃12 = (uv−zv2)
bv

= (uv− fv)
bv

(24)

The current and voltage control subsystems will be simplified to two simple cascaded integrators
systems shown in (25). { ..

ĩds = uc.
ṽd2 = uv

(25)

The current and voltage control signals, uc and uv, for this cascaded integrator system can be proposed
as (26). {

uc = kpc(urc − zc1)− kdczc2

uv = kpv(urv − zv1)
(26)

where kpc, kpv, and kdc are controller parameters, and urc and urv are current and voltage
reference signals, respectively. In (26), it can be seen that uc and uv represent equivalent PD
(proportional-derivative) and P (proportional) controllers respectively. The closed-loop transfer
functions of the current and voltage control subsystem can be formulated as (27) and (28) which
are obtained by substituting the two equations in (26) into the two equations of (25) respectively.

GcL =
kpc

s2 + kdcs + kpc
, (kpc = ω2

c , kdc = 2ξωc) (27)

GvL =
kpv

s + kpv
, (kpv = ωv) (28)

In (27) and (28), ωc and ωv represent equivalent control bandwidths of the two closed-loop control
subsystems with LADRC method, and ξ is the equivalent damping of the current control subsystem,
which should be designed to guarantee smooth current change in transient state process (there is no
intense oscillations in dynamic process). It can be seen from (27) and (28) that steady state errors are
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eliminated in the current and voltage closed-loop control systems (when s = 0, unity gain is obtained
in (27) and (28) respectively) by utilizing (26) as control law. Furthermore, the closed-loop control
performances of the two subsystems are completely determined by the designed controller parameters
(kpc, kpd and kpv) regardless of the changes of model parameters. This is a prominent characteristic of
the LADRC method. (ω c, ωoc) and (ω v, ωov) are the adjustable LADRC parameters in current and
voltage control subsystems, respectively. Since LADRC method is observer based, the bandwidth of
the observer should be kept sufficiently larger than the bandwidth of the control system to realize
effective compensation. Therefore, the two ratios, αc = ωoc/ωc and αv = ωov/ωv should be larger
than two at least in practical applications to get accurate observed values [21], otherwise, the control
performance might not be guaranteed.

4. Simulation and Experimental Results

4.1. Simulation Results

In order to verify the theoretical analysis and design results of the proposed method, a simulation
model of the isolated TPC is developed by using MATLAB/Simulink, and the main parameters of the
simulation model are listed in Table 1.

Table 1. Parameters of The Simulation Model.

Symbol Name Value

vd1 DC input voltage 24 V
vd2 Output voltage 36 V
vd3 Battery voltage 24 V
Ld1 Input filter inductor 100 µH
re Input filter inductor ESR 0.1 Ω

Cd1 Input filter capacitor 1200 µF
Cd2 Output filter capacitor 1000 µF
RL Load resistor 45 Ω/22 Ω
f s Switching frequency 20 kHz

The steady-state operating point A (0.620, 0.379) is selected which corresponds to RL = 45 Ω,
vd2 = 36 V and ids = 1.3 A, and an extra 0.2 Ω virtual resistor is introduced. The open loop transfer
functions of the two subsystems are obtained by substituting the parameters listed in Table 1 into Gco

and Gvo, respectively. The controllers Gc and Gv, given by (29), are designed for the decoupled current
and voltage subsystems respectively by using the frequency domain design method. Gc =

500
1×10−4s2+s

Gv = 0.2813s+6.25
1×10−8s3+2×10−4s2+s

(29)

The Bode plots of the two subsystems with and without correction are shown in Figures 4a
and 4b, respectively.

As can be seen in Figure 4a, the crossover frequency of the corrected current control subsystem
with rv = 0.2 (the curve B) is about 71 Hz, the phase margin is about 81◦, and the gain margin
is about 7 dB. The crossover frequency of the corrected voltage control subsystem is about 75 Hz,
the phase margin is about 85◦, and the gain margin is about 33 dB. As a comparison, if rv = 0.2 is
cancelled, the corrected current control subsystem (the curve C) will be unstable, since the resonant
peak (the corresponding angular frequency is ωn = 2887 rad/s) of the curve C will intersect with 0 dB
axis under this condition.
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Figure 4. The bode plots of subsystems by using traditional frequency control method: (a) ids subsystem;
(b) vd2 subsystem.

For the control systems with LADRC method, the equivalent control bandwidths of the current and
voltage subsystems are the same, ωc = ωv = 450 rad/s (about 72 Hz) which are close to the designed
crossover frequencies using the traditional frequency domain method. The observer bandwidths
of the current and voltage subsystems are ωoc = 4147 rad/s (about 660 Hz), and ωov = 2000 rad/s
(about 318 Hz) respectively. The simulation results are shown in Figure 5.

Figure 5a shows simulation results of vd2 and ids with traditional frequency control under a step
load change condition. As can be seen in Figure 5a, there is an obvious voltage drop (from 36 V
to 35.2 V) at 0.5 s when the load is suddenly changed from 29 W to 52 W that resulted in transient
fluctuations in ids (changed from 1.3 A to 1.25 A). When the load is suddenly reduced at 0.7s from
52 W to 29 W, current ids transiently increases from 1.3 A to 1.37 A, while vd2 increases to about 36.8 V,
and then decreases gradually to its rated value after 100 ms.Energies 2018, 11, x FOR PEER REVIEW  10 of 14 
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Figure 5. The simulation results of the system: (a) with traditional frequency control method; (b) with
the LADRC method.

The simulation results of the system with the LADRC method and rv = 0.2 Ω are shown in
Figure 5b. In this figure, it can be seen that for the same load change, vd2 drops from 36 V to 35.6 V at
0.5 s when the load increased, and it increases from 36 V to 36.4 V at 0.7 s when the load decreases.
However, current is changed slightly with respect to the load change. For instance, the current drops
from 1.3 A to 1.28 A when the load reduced and it increases from 1.3 A to 1.32 A when the load
is increased. By comparing the result shown in Figure 5, it can be seen that the amplitude of ids
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fluctuation in the system controlled with LADRC is lower than that of the system controlled with the
traditional frequency control method. Also, the transient recovery time of vd2 is much shorter than
that of the system with the traditional frequency control. These results imply that the information of
the load change observed by LESO is effectively utilized in the control system.

4.2. Experimental Validation and Analysis

In order to further verify the effectiveness of the proposed method, an experimental platform was
developed as shown in Figure 6. The circuit parameters and load change conditions of the experimental
system are similar to the simulation model. The experimental results are shown in Figures 7–11.
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Figure 6. Hardware experiment circuit of the three-port converter.

Figure 7 shows the experimental results, ids, vd2, ∆vd2 (fluctuation of vd2) and io achieved for the
developed converter controlled with the traditional frequency control method. The results of ids and
∆vd2 (vd2 was controlled to 36 V) for a sudden load increase are shown in Figure 7a. As shown in
this figure, there is about 0.24 A drop in ids and 0.8 V drop in vd2 when the load is suddenly changed
from 29 W to 52 W. Figure 7b shows the current and voltage changes with respect to sudden load drop
where the current and voltage are increased by about 0.24 A and 0.9 V respectively.Energies 2018, 11, x FOR PEER REVIEW  11 of 14 
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The effect of the proposed virtual resistor method on ids control is conducted by removing and
re-adding the virtual resistor with the same current controller used in Figure 7. The experimental
results are shown in Figure 8a, it can be seen that there are serious oscillations in ids (the current control
subsystem is unstable in this case as indicated by the curve C in Figure 4 and voltage ripples (∆vd2) of
vd2 are also increased with the same oscillation frequency of ids. While the virtual resistor scheme is
re-performed, the oscillation of ids can be suppressed soon, and the amplitude of voltage ripple in vd2
becomes lower.
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Figure 8. The experimental results with and without rv = 0.2 Ω virtual resistor (ωn = 2887 rad/s):
(a) traditional frequency control; (b) LADRC.

The experimental results of ids, vd2, ∆vd2 and io with the LADRC method and rv = 0.2 Ω are shown
in Figure 9. As shown in Figure 9a, when the same load increment (23 W) is experienced small changes
are observed in ids (changes from 1.3 A to 1.35 A) and vd2 (changes from 36 V to 35.6 V) because of
the coupling between current and voltage subsystems. As shown in Figure 9b, for a sudden load
reduction, ids is changed from 1.3 A to 1.25 A, and vd2 is increased for about 0.5 V. Also, as illustrated in
Figure 9, the fluctuations of ids and vd2 in the transient process with the LADRC method are lower than
those with the traditional frequency control method as shown in Figure 7, and the voltage transient
recovery time with the LADRC method is much shorter than that with the traditional frequency control.
These results indicate that the control system with the LADRC has better decoupling performance
and adaptability to the operating point changes compared to the control system with the traditional
frequency control.Energies 2018, 11, x FOR PEER REVIEW  12 of 14 
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The experimental result with and without 0.2 Ω virtual resistor with LADRC method and
ωn = 2887 rad/s is presented in Figure 8b. As shown in this figure, there are obvious current oscillations
in ids when rv = 0.2 Ω is removed, since the observer bandwidth (ωoc = 4147 rad/s) is not sufficiently
higher than the resonant angular frequency of Ld1Cd1 circuit (ωoc/ωn ≈ 1.43 < 2). And it is similar to
the case shown in Figure 8a, the current oscillations can be attenuated effectively if the virtual resistor
method is reused.

For comparison study, the resonant angular frequency of G2(s) in (14) is reduced to
ωn = 1521 rad/s (by setting Ld1 = 160 µH and Cd1 = 2700 µF), then there is no oscillations in ids
as shown in Figure 10, that means ids can be controlled well since the ratio of ωoc/ωn is about 2.73
which is larger than two in this case, it means that the impact caused by the resonance of Ld1Cd1 circuit
can be much accurately observed by the LESO.
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Figure 11. The experimental results of battery current id3: (a) traditional frequency control; (b) LADRC.

The battery current id3 for the traditional frequency control and LADRC are shown in Figures 11a
and 11b, respectively. In Figure 11, it can be seen that not only the overshoot of id3 with the LADRC
is relatively lower, but also the transient recovery time of id3 is shorter than that obtained using the
traditional frequency control. This indicates the LADRC method can provide better dynamic balance
in the power delivery process. The results shown in Figure 11 have some internal relations with the
experimental results presented in Figures 7 and 9. For instance, compared to Figure 11b with LADRC
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method applied, the battery overshoot current, id3 shown in Figure 11a is larger when traditional
frequency control method is applied. Larger overshoot current causes significant drop in ids shown
in Figure 7a, whereas smaller overshoot of id3 shown in Figure 11b with LADRC resulted in much
smaller overshoot in ids shown in Figure 9a.

5. Conclusions

The model parameter variation caused by the operating point changes and couplings between
different ports during power delivery in an isolated three-port converter has a negative impact on the
converter control performance. In this study, the LADRC method is employed to control the three-port
converter. In the LADRC method, the possible model parameter uncertainties, load changes and the
negative impact of LC circuit resonance are all expressed as a generalized disturbance that is considered
as a state variable and observed by the LESO which is utilized to synthesize the control signal. In this
method, the bandwidth of the LESO is sufficiently higher than the equivalent control bandwidth and
the resonant frequency of LC circuit that guarantee the system dynamics and generalized disturbance
can be accurately observed. Therefore, the desired closed-loop control performance that is independent
of parameters changes and external disturbances can be obtained. And a virtual resistor based
method is proposed to increase damping ratio of the current control subsystem of TPC which is
beneficial to further improve current control performance using LADRC method. The simulation and
experimental results revealed that the proposed method is robust against model parameter changes
and external disturbances. Therefore, the dynamic control performance of the three-port converter can
be improved significantly.
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