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Abstract—AC/DC power converter is the momentous interface vt {obp T o
of the power router, which is responsible for maintaining the dc furbines = L
bus voltage stability. However, under unbalanced and distorted amays 4l bee L
grid voltage conditions, there are voltage ripples in the dc bus, e @
and grid currents will also be severely distorted. Accordingly, this ) 'g_ ______ o
article proposes an improved passivity-based direct power control |§
(IPBDPC) strategy based on extended reactive power theory in )'_c:-a _____
the a3-axis, which can effectively suppress dc voltage ripples and e Three Lovel T o mmm— — e
current harmonics of power converter. Meanwhile, with the pro- : e . %— |
posed IPBDPC, the fundamental grid voltages and those orthogo- |@””" » A I:IR" PcC ’“”I < I:le ~AA e !
nal components are injected into the improved passivity model, so : c {O v, g :
that the controller can further reduce the THD of the grid current : I e |
when unbalanced and distorted grid conditions coexist. Compared @~~~ "~~~ "~~~ oo oo T oo T m T N
with the traditional modified direct power control, the IPBDPC g5 | pR syructure and its grid-interface converter.

strategy has a simple structure and strong robustness, does not
require complex positive and negative sequence separation, and
power compensation value calculation. Moreover, the sequence
impedance model of IPBDPC is constructed based on the harmonic
linearization method to verify the robustness of the control system
against parameters uncertainty. The simulation and experimental
results based on a three-phase three-level converter system further
demonstrated the effectiveness of the proposed control strategy.

Index Terms—AC/DC power converter, direct power control
(DPC), passivity-based control (PBC), unbalanced and distorted
grid voltage.

I. INTRODUCTION

HE power router (PR) can provide flexible and standard-
T ized power electronic interfaces for all types of distributed
energies, storage units, loads, and even power grids [1], and
fulfil energy conversion, transmission, and routing [2], as shown
in Fig. 1. Among them, the ac/dc converter, as the sole power
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interface between utility ac grid and PR, is responsible for main-
taining the dc bus voltage stability and sinusoidal grid currents
under ideal grid. However, the grid voltages are sometimes
unbalanced or distorted [3], which are caused by the increasing
penetration level of the renewable energy into power grid, grid
faults and disturbances, and grid impedance unbalances [4],
[5]. At this time, the traditional control strategies of converter
are no longer applicable, the dc bus voltage ripples increase
notably, and the total harmonic distortion (THD) of current
deteriorates. Therefore, it is significant to develop the advanced
control schemes to cope with this issue [6], [7]. Substantially, the
advanced schemes of ac/dc converter are broadly classified into
two categories, namely voltage-oriented control (VOC) and di-
rect power control (DPC). VOC is a mature and popular scheme
to realize current control in industrial applications, which uses
proportional—integral (PI) controller and synchronous transfor-
mation. When the grid voltage was unbalanced, the double
synchronous reference frame (DSRF)-based VOC control was
a commonly used approach, which required sequence compo-
nents extraction of the grid voltages and currents through DSRF
and decoupling DSRF technologies [8], [9], [10]. Moreover, to
enhance the robustness under the nonideal grids, the extension
self-tuning filter [11] and multivariable filter [12] were designed
against dc offset and distorted grid conditions. But complicated
procedures for positive/negative sequence separation and more
control parameters adjustment are required. To address this
drawback, the proportional integral resonance (PIR) control has
been proposed to reduce THD of grid current [13]. However, the
VOC depends on the inner current loop, and it is difficult to take
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into account the power oscillation caused by the unbalanced grid.
Besides, the dynamic performance of VOC is severely limited by
the bandwidth of current loop and phase-locked loop (PLL) [14].
In contrast to VOC, DPC eliminates the current regulator, and
the reference voltage vector is directly obtained by the power
control loop, with a very fast dynamic response [15], [16].
Recently, the control methods under unbalanced or distorted
grid voltage conditions have also been extended to DPC. The
PIR-based reference power compensation method with third-
order harmonic [17], and model predictive direct power control
(MPDPC) with different power compensation objectives [18],
can eliminate current harmonics or power ripples. In[19],a DPC
strategy based on multiorder harmonic control was proposed to
suppress the THD of grid current under grid voltage distortion.
However, the extraction of positive/negative sequence compo-
nents and multiorder harmonic current components requires
multiple notch filters or bandpass filters, which undoubtedly
increases the control complexity. In addition, the calculation
of the power compensation method is particularly complex. To
address this problem, the extended reactive power theory was
combined with deadbeat DPC [20] and MPDPC [21], [22], and
no additional power compensation is required. The grid current
distortion and active power oscillations can be automatically
eliminated. However, the abovementioned control methods are
computationally complex, and sensitive to parameter variations.
Recently, the application of passivity-based control (PBC) in
power converter has attracted extensive attentions [23]. The PBC
strategy is an energy-shaping method considering the energy
dissipation of the system, and has clear physical meaning and
simple structure [24]. It tracks the current or power references
by injecting damping terms, resulting in solid robustness against
external perturbations [25]. In order to enhance the robust-
ness under model uncertainties, a hybrid control approach that
includes a PI-based voltage loop and PBC current loop was
proposed for the rectifier [26], [27], which will further improve
the control ability of dc voltage [23]. But the abovementioned
hybrid PBC methods are only applicable to ideal grid conditions.
Recently, a PBC current control strategy with different power
compensation objectives was proposed to reduce the active
power and reactive power ripple when the grid voltage was
unbalanced [28]. In [29], the hybrid passive control strategy
embedded with negative-sequence grid voltage feedforward can
suppress the imbalance of grid current. Moreover, the line volt-
age was taken as the state variable of the passivity-based model,
which can realize the grid sinusoidal currents without extracting
the negative-sequence components of the rectifier [30]. How-
ever, the aforementioned PBC methods are used in combination
with VOC scheme, and the bandwidth of current loop and PLL
limit the dynamic response of the converter. In addition, only
unbalanced grid voltage conditions are considered, while the
influence of distorted grid voltage conditions is ignored.
Motivated by the abovementioned inadequacies, this article
develops an improved passivity-based direct power control (IPB-
DPC) strategy for three-level T-type ac/dc converter (3LT2C)
under unbalanced and distorted grid conditions. The major con-
tributions of this article are as follows.
1) The passivity-based Euler Lagrange (EL) model for
direct power controller is rebuilt by introducing the
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extended reactive power theory, which effectively sup-
presses the active power oscillations and current harmon-
ics of the 3LT2C under unbalanced grid conditions. Then,
the fundamental-frequency grid voltages and their orthog-
onal components are injected into the improved passivity
model, so the improved control strategy can still reduce the
THD of the grid currents when unbalanced and distorted
grid conditions coexist.

2) The sequence-impedance model of IPBDPC strategy for
3LT?2C is designed based on the harmonic linearization
method in the oS axis. The robustness and stability, and
parameters tuning methods of the converter, are investi-
gated based on Nyquist criterion and frequency response
analysis of impedance.

The rest of this article is organized as follows. The modeling
and proposed IPBDPC strategy for 3LT?C are given in Sec-
tion II. Section III discusses the robustness of IPBDPC based on
the proposed sequence-impedance model. The feasibility of the
control scheme is verified by simulation and experiments given
in Section IV. Finally, Section V concludes this article.

II. MODELING OF GRID-CONNECTED RECTIFIER AND THE
PROPOSED IPBDPC CONTROL METHOD

Compared with two-level converter, the three-level topologies
have better harmonic characteristics and lower voltage stress of
power devices. Among them, the 3LT2C topology has higher ef-
ficiency for medium switching frequencies (8-24 kHz), making
it the most competitive converter topology in low-voltage appli-
cations [31]. Therefore, this study takes a three-phase 3LT2C
connected to a grid through an L-filter as the object, as shown
in Fig. 1.

A. Modeling Analysis

diag
7 dt
where i,3, €43, and uq g indicate the stationary reference frame
components of the grid currents 745, grid voltages eqp., and
converter voltage vectors, respectively. L, and IR, are the filter
inductance and resistance, respectively. According to instan-
taneous power theory (IPT), the active power P; and reactive
power (), on the grid side are calculated as

Py = 1.5Re(i},5eap)
Qg = 1.5Im(i} geap)

where “x” indicates the conjugate of a complex vector. For
unbalanced grid voltage conditions, the extended reactive power
theory (ERPT) can better represent the instantaneous reactive
power change than the @, [20], which is expressed as

QZ’“ = 1.5Re (igﬁe’aﬁ) 3)
where e/, 5 denotes their quadrature values that lag eq3 by 90
electrical degrees. The 3LT?C is a three-phase three-wire system
with no zero sequence path, so the grid currents only contain

positive-sequence and negative-sequence components when the
grid voltages are unbalanced. At this time, the active and reactive

L

= eaﬁ — Rgiaﬁ — uaﬁ (1)

2
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power can be expressed as

Pg:Pg0+ch2+Pg32
Qg = QgO + QgcQ + Qgs2 (4)

Qext ext + ;3;5 + Z);t2
Pus=15 (e;gi; + egz;)
= 15 [U [Ty eos (st 465 —07)
Pus =15 (e;q +e5ih
= 1.5|Ug | |1 | cos (2wst + 6, — 6,)
Quez = 1.5 (e;i; - e;i;)
= 1.5|U;"| |1, | sin (2wst + 67 — 67) ©
Quez = 1.5 (e — i)
— —15|U |17 | sin (2wst + 67 ~ ;)
o =15 (elfiy +uff i)
L5 US| |Ig | sin (2wyt + 65 —6;) o
o =15 (erif + e i)
15 (U7 | |15 sin (205t + 0 = 6;)
where Pyo, (g0, and e"t are the dc components of Py, @y,

and Q°**, respectively. Others are the second-order harmonic ac
components caused by negative-sequence voltage and current.
e;rﬂ, €0 izﬁ, and i, are positive and negative sequence
components of grid voltage and current, respectively, |U, j I |1, j [,
|U, |, and |1 | are the positive and negative sequence component
amplitudes of grid voltage and current, respectively, G:r AN
and 0,; are the initial phase of the positive and negative sequence
component of grid voltage and current, respectively. wy is the
fundamental frequency.

To achieve stable active power and sinusoidal current, the
following equation needs to be met:

{chg + Pys2 =0

ext ext __
gc2 +

®)

gs2 —

Therefore, if the fluctuations of active power P, can be elim-
inated, the fluctuations of Qezgg can also be ellmmated at the
same time. Besides, when the grid voltage is balanced, the grid
voltages and those quadrature components meet the following
relationship:

e, =eg,€ /B: —eq- 9)

At this time, Qg"t = ()4 can be obtained, so the novel power
theory combination is also applicable to balanced grid voltage.

Then, the dynamic equation of P, and Qg"t can be obtained
by taking the derivative of (2) and (3), given by

dPg :15( dza+zadea+eﬁdlﬁ+iﬁdeﬁ)
(10)

dQ“Xt I odig 5 del  dig dey
_15( Cadt +ia dt —1—65 dt —1—15 dt ) -
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And the dynamic equation of e,, eg, €,
following formula:

, and e can satisfy the

dey deg
o= —wreg, g = _wfe/ﬁ
] a1
del, __ de
& = ~Wrea, gf = wreg.

Substituting (1) and (11) into (10), the dynamic model of the
active and reactive power can be given by

dlzg =e? + e% — (eqUa +egug) — %Rng
— %wagQgXt
LdQCXt ! / (o ! — 2R ext
€nCa T €5€3 (el un + eﬂ'l.tg) 5 R, Q5
+ %WngPg-
(12)

From (12), we can obtain the EL model of the 3LT2C, as follows:
Mz +Jxr+ Rr=u (13)

where M and R are a positive definite symmetric coefficient
matrix, and R is the system dissipation term. J is an antisym-
metric coefficient matrix and JT = —J7T [23], [24], [25]. =
represents the state variable vector, u is the matrix of converter
voltage vector, and

[ P, 2L, O ]
T = ex M = 39
IR
J= 0 %wag R— %Rg 0
T -SwsLy 0 7T [0 2R,
" fe2 + e% — (eaua + egug) (14)
ehea + €ges — (ehua + egup)
B. Instantaneous Power Loop Design
To track the power references, let error x, = Trer — &, and
the error storage function is given by
1
H.(x) = isz:ce. (15)

Injecting damping R, to the dissipation term can achieve
H,(x) — 0 rapidly, which increases the convergence rate of
T — Tyef. Therefore, the new dissipation term R is

Ryx. = (R+ R,)x, (16)
where the additional damping matrix R, is a positive definite
symmetric matrix, as well as R

re 0

R, = [0 TJ ,Tq > 0.

Substituting (16) into the error function of (13), then the error
EL model is defined as follows:

a7)

MZ.+ Rgxe = — u+ Mayrer + J (Trof — Te)
+ RXyper + Roxe. (18)
Therefore, the PBC can be designed as
U= MzTper + Jx + RTper + RoTe. (19)

When the power tracking is accurate enough, the error z. can
fluctuate around zero. The system rapidly converges to the
desired equilibrium point and achieves the global stability, when

He(a:) = :cZMw'e = —wZ‘Rdwe =—H.(x)/t., <0
(20)
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where t., = Ly/(2R, + 3r,) means the time constant of con-

vergence. Because of R, >> R, the convergence speed of

H_(x) mainly depends on the R,, which principally deter-

mines the robustness of the 3LT2C to system parameter changes
and external disturbances [29]. Substituting (14) into (19)

eallq +egug = Ep
2 . 2 oxc
= — ngPgref — gbdegQg t_

—7q (Pgret — Py) + ei + e%

2
gRg Pgref

€l + €gug = Eq

2
3
ot~ Q) + ehen + hes. (1)

2
= 7L Qgref+ “wiLyPy — ZR,Q%%E

gref

,Ta(

To simplify the dynamics in (21), we define E'p and E( as the
new control inputs. Therefore, the original control inputs u,, and
ug can be calculated by (21)

e’ﬁ Ep —€eg EQ

U, =
@ €a€lg—egel,

(22)
€n EQ 781{1 Ep

up = Catg—esey

The abovementioned control method is applied to the nondis-
torted grid voltage. When unbalanced and distorted grid voltage
coexist, the grid currents will be distorted again. Consequently,
if we only consider a fundamental frequency of the voltages e,
and eyg at PCC, then the grid currents will reduce the content
of low-order harmonics (fifth, seventh,...). The fundamental
voltages and those quadrature components are extracted by the
second-order generalized integral-quadrature signal generator
(SOGI-QSG) [32]. The transfer function of SOGI-QSG is as
follows:

erap(s) kswgs
G = = =
15) eap(s) 8%+ kswgs + w2
€raps) kswy
G faﬁ — g 23
QI( ) Cap 82 + I{JSOJQS +w§ (23)

where wy, = wy = 100 pi rad/s is considered, and k; is the
damping ratio. The signal e’faﬁ is 90° phase-shifted of input
signal ey,g. Thus, the final control law uy, and uyg with
fundamental voltage injection (FVI) can be derived from (21)
and (22).

efalia +efpus = Epy

2 2
3L P gref — Swa QeXt - gRngref
= 7a (Pyret = Prg) + €4 + ¢35

e/faua + e/fﬁu5 = EQf

L QZ’Eéf + wa Prg — RQQZ);;f
— 1 (Q5t — QF) + €aera + €ppess

(24)
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Control block diagram of the proposed IPBDPC strategy.

Fig. 2.

ersEps—ersEqQy

u =
fa efaeffﬁiefﬁe/f(y

eraBEQr—erpE (25)
ua = SR

where Epy and Fqy are the fundamental components of Ep
and Eq, Pry = 1.5Re(i},s¢fa55),and QF = 1.5Re(i}, zel,5)-

The control diagram is shown in Fig. 2 More notably, the
proposed IPBDPC method is a compound control that contains
a feedback term, a grid voltage feedforward term, and a model-
based inverse feedforward term. The feedback term is a damping
control. The voltage feedforward term can improve the system’s
response speed and stability to changes in the grid voltage,
whereas the model-based inverse input is used as a feedforward
to enhance the output tracking performance. Thus, the 3LT 2 C
system will have a better steady state and dynamic performance
under the proposed method.

C. DC Voltage Loop Design

In order to improve the control ability of dc voltage and
robustness, a PI-based dc voltage outer loop control is designed,
which is presented as

k; .
Pgref = (kp + s) (Udcref - Udc) + Udcto (26)

where £, and k; are the proportional and integral gains of dc
voltage control loop, respectively. i, is the output current of
dc side. Therefore, the hybrid control method proposed in this
article consists of a dual loop structure, a PI-based dc voltage
outer loop, and an IPBDPC inner loop, as shown in Fig. 2.

For neutral-point (NP) balance of 3LT2C, the NP voltage
can be controlled by a conventional NP balance control method,
which can be achieved by injecting appropriate zero-sequence
components into modulated waves 4. The method of propor-
tional adjustment is designed for controlling the NP voltage in
this article, and the injected zero-sequence component is

Ynp = :tkNpAV, knp > 0. 227

where knp is the NP control coefficient, and AV is the voltage
difference between the upper and lower capacitors.
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III. ROBUSTNESS ANALYSIS BASED ON SEQUENCE IMPEDANCE

In this section, to analyze the grid-connected stability and
robustness of the 3LT2C, the sequence impedance model of the
IPBDPC is developed. Because the proposed IPBDPC is a direct
power control method and the controller is designed based on
the o3 frame, the fixed dc operating point of voltage and current
is absent. Therefore, a linearization method based on harmonic
interference is designed to linearize the nonlinear terms in the
model [34]. The proposed model indicates the closed-loop rela-
tion between e, and 44. Then, the stability criteria of impedance
model under parameter perturbations and external disturbances
are carried out to analyze the robustness of the proposed control
system. To establish the impedance model, the deduction is
carried out from (24) and (25).

(Aa + Ba) + 2RyCo + 10 Dg + €4

Ufa = Lg
; (28)
ufg = 5Lg(Ap + Bg) + §RsCp + 1o Dp + g

wWIN Wl

where Ay, Ag, By, Bg, Cy, and Cjg are four different coupling
terms, D, and Dy are the coupling terms of injection damping,
which can be written as

. Qext 3 a+ P . P o — Qext
A, = Wiy eéf_fgwf fgefﬂ7AB _ Tvr fger?:’f fo €18
T _(Hext _r Jext
Ba _ refefoc2 Qref crs , Bﬂ — Prefefg'z‘rQrefefa (29)
fg fg
ext ext
C. - = refefa*meefB7O _ —PretesptQiiresa
“ Us, b Usy
e e .
D, = — #(Pref - Pfg) - #(Qref - Q?‘gt)
U U
fg Iy
B er
Dﬂ - - W(Pref - Pfg) + T;(Qref - Q?;t (30)
g g

where Ufg = 6?(1 + e?ﬁ.

A. Model Simplification

To further simplify A, and Ag, substituting (2) and (3) into
(28). In addition, Pt and Q‘fé‘ft are constant under small signal
steady-state condition, hence B, and Bg can be written as

follows:

Ay = 1.5wyrig, Ag = —1.5w¢iq

B, =0, Bg =0. (31)
However, C,, Cg, D,, and Dg are non-linear terms, which
cannot be directly linearized. The grid voltage e, and current
1 after harmonics injection contain fundamental components
€fap and irog and harmonics components €pqg and ixpag,
respectively. For D, and Dg, after the SOGI filtering, the
proportion of harmonic component €j,,3 in €4 is very small
and can be ignored. The U?Q in Cy, Cg, D,, and Dg can be
approximated as a dc value. Therefore, the C,, and Cz can be
linearized, and the active power and reactive power of Pyj4 and
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?’;th after harmonic injection can be approximated as

3. 3.
Prng # | 5irap © €rap | +( 5inap © €fap
Pg(} Pac
ext  ~ §Z RUs + §Zh Qv
fhg 2 fap fap 2 af fap

o Quc

(32)

where © and ® denote the dot product and cross product of
two complex vectors, respectively. Pyq and g’gt are approxi-
mately equal to their reference P.r and Q,ef in a steady state,
respectively, which has no effect on harmonic frequency domain

analysis. By substituting (32) into (30), D, and Dg can be
simplified into
aRu: ac .
Da ~ = UtefﬁQ ~ %Zﬁ;l Tho
Efﬁpa‘jgf Quc 3NN (33)
Dg ~ 0z =3 Zh:l thg-

fg

B. Sequence Impedance Modeling

Substituting (31) and (33) into (28), the harmonic reference
voltage vectors 1y can be converted to the frequency domain
by Laplace transform as follows:

Uha | _ %ra Lywi| |iha
Uhp —ngf %Ta ihg
— ——

Zpp
2R, Prot G1(s) 2RQ:etG1(s)
N oA R 1
2R, Qrer Gr (s 2RPet G (s
ggU}% 1(s) _ ?)Uf2 1(s) + Gp(s)| Lens
g fg
Tew
(34)

where Zpp and T,, are the transfer matrix of 7;, and e to
up,, respectively. The harmonic impedance of the 3LT?C is
expressed by Laplace transform from (1) as follows:

Cha| Rg+SLg 0 Tha Uho
|:€h,g:| o [ 0 Rg—FSLg Thg * Upg - (35

ZLr

Substituting (34) into (35), the impedance model considering
harmonic components can be calculated as

[eha} =(I—Te) " (ZLr+ Zpp) {i}m}

€hp ’L'hg
_ Zaa(s) Za,@(s)] |:iha:| 36
[Zﬂa(S) Zgp(s)] |ing (30)
Zr2¢

where the Zp2 o represents the final impedance matrix. The
equivalent sequence-impedance transfer function can be ex-
pressed as [34]

Zeoa(8)+Z s . Zpa(8)—Zap(s
{ZT2C,p(3): ()-QF BB()+] pa(8)—Zap(s)

2
Zrm(s);zﬁﬁ(s) _i_jZﬁa(S)gZOﬁ(S). (37

Zr2 Cm(s) =
Since the diagonal elements of the 2-D impedance matrix have
symmetric characteristics, Zoo = Zgg, Zap = —4ga, it can
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. Nyquist Diagram
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Fig. 3. Stability analysis with different control parameters 7. (a) Nyquist
diagram of I Ryecp, (b) Pole-zero map of G'z.

be inferred that Zr2 ¢ ,(s) = 0. Then, it is assumed that the
impedance of the power grid is
L,s+ R,

(Lns+ Ry) Cyus + 1
where the R, and L,, are grid resistance and inductance, re-
spectively, and C), is the parallel capacitor. In this case, the
stability of the system can be identified by the impedance ratio
of I Ryeep(s) = Zgria (8)/Z12 ¢ p () and its closed-loop transfer
function Gz(s) = 1/(1 + I Ryecp(s)) [33].

Zgrid (5) = (38)

C. Robustness Analysis

When L and 7, changes, the Nyquist diagrams of I Ryecp, ()
are shown in Figs. 3 and 4. The parameters of the 3LT2C are
listed in Table I.

The characteristic loci will not surround the stable point (—1,
jO) under five different control parameters, which proves the
passivity and stability of the system, as shown in Fig. 3(a).
From the overall view, it can be seen that the larger the damping
value, the smaller the intersection value between the Nyquist
diagram and the imaginary axis, which means that control degree
is increasing. For larger/smaller values of damping (r, = 1, 10,...
500), the dominant poles are getting closer to the imaginary axis,
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Fig. 4. Nyquist diagram of I R;¢cp with filtering inductance changes.

TABLE I
PARAMETERS FOR SIMULATION AND EXPERIMENT

Parameters Values
AC grid voltage (RMS) 110V
DC reference voltage (Ugcrey) 400 V
Switch frequency 10 kHz
Sampling period 100 ps
Rated active power 3000W
Filter inductors(Lg) 4 mH
Filter resistance(Rg) 0.1 Q
Fundamental frequency(w ) 100*pi
DC-link capacitors (C7, C2) 1875 uF
DC load 65 Q
Line resistance / inductance (R, /Ly) 0.5 /10 mH
Line capacitance (Cp,) 15 uF
Control parameters (141, a2) 50
SOGI-QSG resonance coefficient (ks) 0.707
DC voltage control coefficient (kp) 0.1
DC voltage control coefficient (k;) 4
NP control coefficient (kxnp) 0.07

which may lead to an undesired stability margin, as shown in
Fig. 3(b). In addition, Thus, the values of r, can be manually
fine-tuned from small to large until the satisfactory response is
achieved within the range of constraint conditions. As shown in
Fig. 4, with the change of the filter inductance value, the Nyquist
diagram never surrounds (—1, jO) points, which again proves
the stability of the system. In general, the proposed IPBDPC
method is robust to parameters perturbations of the controller
and hardware circuit.

D. Tuning of Parameters

The parameters tuning principle for damping ratio of SOGI-
QSG and the injection damping of PBC are given as follows.

The core of SOGI-QSG is a bandpass filter, and the perfor-
mance of the second-order filter used in (23) is not affected by
wg, but changes with the damping ratio k,. The Bode diagram
of G1(s) and G4z(s) is shown in Fig. 5. It can be seen that
the smaller the kg, the better the filtering effect, but the slower
the response speed. Considering the filtering effect and response
time comprehensively, ks = 0.707 is selected.
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For the injection damping r,, the passivity of the controller
must be satisfied first. The error function H, > 0 and H, < 0
rely on r,, if r, is negative, the strict passive conditions are
unable to meet for the converter system.

Ry + 74 > 0. (39)

Then, according to the cascaded dual loop control structure, the
corresponding speed of the power inner loop should be much
faster than that of the dc voltage outer loop (more than 10 times).
We have

tac > 10te, = 10Ly/(2Ry + 3r). (40)
From (39), r, satisfies
10L 2
ro > 0o My @41
tdc 3

However, it should be noted that larger damping can increase
the control bandwidth of the controller while diminishing the
suppression of high-frequency harmonics in the current, as
shown in Fig. 6, which will reduce the robustness against the
measurement noise and high-frequency ripple. Thus, the values
of damping gain can be adjusted reasonably from small to large
until a satisfactory response is obtained.
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IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

In this section, a 3LT2C system, based on the system
schematic diagram shown in Fig. 1, is built in MAT-
LAB/Simulink to verify the effectiveness of the proposed
IPBDPC method. The control and system parameters are given
in Table I. A resistive load is connected to the dc-side for
performance testing. The comparison with DPC-PIR [16] and
VOC-DSREF [8] is carried out to fully analyze the performance
of the IPBDPC method.

To investigate the effect of the 3LT?C parameters’ uncertain-
ties on the control performance, the simulations with deviation
sets of the real control parameter r, and the inductance L have
been run, as shown in Figs. 7 and 8. When the damping value
r, changes from 1 to 100, the output power is always stable, as
shown in Fig. 7. However, if the control damping value r,, is too
low, the control force will be insufficient, resulting in a sizeable
steady-state error. Beyond that, if the control damping value
rq = 100, excessive control will lead to high-frequency harmon-
ics in grid current. When the filter inductances are switched from
0.5L to L and then to 3L, the current and power of 3LT2C can
be continuously stable under the proposed IPBDPC compared
with VOC-DSRF and DPC-PIR methods, as shown in Fig. 8.

When the voltage of phase A drops by 50%, and three-
phase grid voltage contain 5% fifth harmonic and 5% seventh
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TABLE II
COMPARISON OF FOUR CONTROL METHODS UNDER UNBALANCED AND
DISTORTED GRID REGARDING HARMONIC CONTENTS OF CURRENT

Harmonic Frequency 3th 5th 7th
ERPT-based DPC-PIR 10.60% 3.14% 6.41%
PBDPC 16.97% 2.83% 0.82%
Proposed IPBDPC without FVI  6.60% 1.23% 6.17%
Proposed IPBDPC with FVI ~ 1.09% 1.25% 0.42%

harmonic, the comparative results under the ERPT-based DPC-
PIR method [17], traditional PBDPC, proposed IPBDPC with-
out FVI, and proposed IPBDPC with FVI are shown in Fig. 9. For
the more reasonable performance comparisons, the outer loops
of the abovementioned four control methods are all PI-based
dc voltage loops with same control parameters. The harmonic
contents of grid currents under different control methods are
given in Table II. It can be seen that the ERPT-based DPC-PIR
method strategy can suppress the active power oscillation, and
the amplitude of active power oscillation reaches 700 W. But
the grid current distortion is severe, and the third harmonic
content even goes 10.60%, indicating that the negative sequence
grid voltage has a significant impact. The amplitude of active
power oscillation is 900 W under IPT-based PBDPC strategy.
In addition, the grid currents contain more fifth and seventh
harmonics, which indicate that it is greatly affected by grid
voltage harmonics and imbalance. For the proposed IPBDPC
without FVI, the distortion of the currents has been improved, but
the currents still contain third and seventh harmonics due to the
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influence of grid harmonics. For the proposed IPBDPC with FVI,
the active power oscillation has been further suppressed, with an
amplitude of only 270 W. In addition, the harmonics in the grid-
side current are greatly suppressed, and the harmonic contents
of the third, fifth, and seventh are less than 1.25%, respectively.
In general, the proposed IPBDPC strategy is robust against pa-
rameter perturbations and external disturbances, and can achieve
the active power oscillation and current harmonics suppression
when the grid voltage imbalance and distortion coexist.

B. Experimental Results

The experiment is conducted based on a prototype of a
three-phase 3LT2C to verify the feasibility of the proposed
IPBDPC strategy, as shown in Fig. 10. The experimental system
contains a programmable ac source, a digital controller (based
on dSPACE DS1007 and CPLD), main power system with driver
circuits, IGBT T-type modulars, L-filters, and dc resistive load.
The system parameters are given in Table I. Fig. 11 shows
comparative results for the ERPT-based DPC-PIR, PBDPC, and
proposed IPBDPC when A phase voltage drops by 50%. It is
seen that the amplitude of active power oscillation is suppressed
to 600 W, the dc voltage ripple is 3.5 V, and the THD of the
currentis reduced to 3.89% by ERPT-based DPC-PIR method, as
shown in Fig. 11(a). Then, compared with the traditional PBDPC
method, the proposed IPBDPC method effectively suppresses
active power oscillation and current harmonics, as shown in
Fig. 11(b) and (c). The amplitude of active power oscillation and
dc voltage ripple are only 250 W and 2.5 V, respectively, and the
THD of the currents is 1.49%. It can be seen that the proposed
IPBDPC method has significant advantages in suppressing grid
current distortion and dc voltage ripple under unbalanced grid
voltage conditions, as shown in Fig. 12. Compared with tradi-
tional PBDPC, the THD of currents has a 70% improvement,
and the dc voltage ripple is 48% smaller. Compared with the
ERPT-based DPC-PIR, due to the advantages of nonlinearity
and robustness of the proposed IPDPC, the dc voltage ripple
suppression and current harmonics reduction of the 3LT?C have
been further improved. Specifically, the THD of the currents has
been reduced by 62%. Therefore, the proposed method is more
suitable for ac/dc power conversion at the power grid port of
the PR, which can stably operate under unbalanced grid voltage
conditions without increasing the capacity of ac-side filters and
dc-side capacitors.

To verify the harmonic suppression ability of the proposed
IPBDPC method, 3% of the fifth harmonic and 5% of the seventh
harmonic are injected into the grid voltage. As shown in Fig. 13,
the proposed method can not entirely suppress current harmonics
without FVI, and the THD is 5.46%. However, the injection
of fundamental voltages strengthens the harmonic suppression
ability of IPBDPC, and the THD is reduced to 2.13%. This indi-
cates that the injection of fundamental voltages can significantly
increase the robustness of the system and greatly improve the
range of operating conditions to the 3LT2C. Even the THD of the
currents can be further reduced by 61%. When A phase voltage
drops by 50% and three-phase voltages are injected with 3%
fifth harmonic and 5% seventh harmonic, steady-state responses
for the ERPT-based DPC-PIR, PBDPC, and proposed IPBDPC
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Fig. 10.

are shown in Fig. 14. The grid currents are seriously distorted in
ERPT-based DPC-PIR and PBDPC, whose THDs reach 6.21%
and 5.75%, respectively. For the IPBDPC, although THD of
grid currents are 2.09%, it is still within the grid connection
requirements specified by IEEE. In contrast, the dc voltage
ripple is only 3 V under the proposed method, indicating that the
active power oscillation has still been effectively suppressed,
as shown in Fig. 15. In general, the proposed IPBDPC can not
only adapt to unbalanced and balanced grid voltage, but also
maintain good steady-state performance when grid voltages are
slightly distorted.
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Under ideal grid voltage, when the command value of the
Uq. changes from 350 to 400 V, the active power can be quickly
switched, and the current quickly changes from 10 to 14 A, as
shown in Fig. 16(a). When the the Q‘;’gf is increased from O to
1 kvar, the active reactive power can be switched quickly without
any influence on current and active power, as shown in Fig. 16(b).
When the grid voltage is unbalanced and distorted, dc-side
voltage and grid current can be switched smoothly, which proves
that the proposed IPBDPC achieves good dynamic performance
under extreme conditions, as shown in Fig. 17. In addition,
the Qeref can be quickly switched between O and 1000 Var,
and the Uyqc does not fluctuate. The rapid injection of reactive
current has no effect on the stability of the system, as shown in
Fig. 18. Compared with ideal grid voltage condition, although
there are some power oscillations, the dynamic response speed
of power converter is not affected, and the system can operate
stably.

In summary, under the unbalanced and distorted power
grid, the proposed IPBDPC method realizes the sine of grid-
connected current and avoids the secondary pollution of grid
voltage. The active power oscillation is substantially suppressed,
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and the dc-side voltage can always maintain a low ripple, which
will not affect other ports of the PR. In addition, under extreme
working conditions, the dynamic response speed is not affected,
which verifies the robustness of the proposed IPBDPC.

V. CONCLUSION

In this article, an IPBDPC method for 3L T2C suitable for an
unbalanced and distorted grid was proposed. The main conclu-
sions could be summarized as follows.

1) The theoretical analysis of the DPC method indicates
that traditional PBDPC is not suitable for nonideal grid
conditions, such as unbalanced and distorted grid voltages,
which could lead to current distortion and dc voltage ripple
of the 3LT2C.

2) An improved IPBDPC model was rebuilt by introduc-
ing the extended reactive power theory, the fundamental-
frequency grid voltages and their quadrature components.
Therefore, the improved control strategy can reduce the
THD of the grid current and suppress dc voltage ripple
when unbalanced and distorted grid conditions coexist.

3) The sequence impedance model of the 3LT?C was con-
structed based on the proposed IPBDPC method in o
frame. Detailed design procedures, robustness and stabil-
ity analysis, and parameters tuning methods were investi-
gated, indicating that appropriate parameters design could
make the converter highly robust to parameter uncertain-
ties and disturbances.

4) Compared with the DPC-PIR and VOC-DSRF methods,
the proposed IPBDPC method did not need complex
positive and negative sequence separations and power
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(1]

(2]

[3]

(4]

[3]

reference value calculations, and had strong robustness
with a simple control structure. The experimental results
indicated that the THD of grid-side current was reduced
by 62% compared with the ERPT-based DPC-PIR method.
The voltage ripple of dc side was reduced by 48% com-
pared with the PBDPC method. In terms of active power
following and reactive power compensation, the proposed
IPBDPC method also had good dynamic performance,
which fully met the requirements of PR.
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