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Direct Power Control of PWM Rectifiers With Online

Inductance Identification Under Unbalanced and
Distorted Network Conditions

Yongchang Zhang

Abstract—In the conventional direct power control (DPC) meth-
ods, the grid currents are highly distorted, and substantial ripple
is present in the dc-bus voltage under unbalanced and distorted
grid conditions. Various improved DPC methods have been pro-
posed to address these problems, but these methods are generally
complicated and not easy to use because of the complex control-
ling structures, need for considerable tuning, and so on. This paper
proposes an improved DPC method obtained by simply adding a
compensation term to the original power references. The compen-
sation power is obtained by analyzing the power ripple in the input
line inductance based on extended power theory. The reference volt-
age vector is subsequently calculated from the new power reference
and synthesized by space vector modulation. To improve the robust-
ness of the proposed DPC against inductance variations, an online
inductance identification technique based on the gradient correc-
tion method is proposed and combined with the proposed DPC.
The presented simulation and experimental results demonstrate
that the proposed method can achieve sinusoidal grid currents and
significantly reduce the dc-voltage ripple even with mismatched
inductance under unbalanced and distorted grid conditions.

Index Terms—DC-link voltage oscillation elimination, induc-
tance identification, power compensation, unbalanced and dis-
torted grid.

I. INTRODUCTION

THREE-PHASE pulsewidth modulation (PWM) rectifier
A can achieve sinusoidal grid currents, a constant dc-bus
voltage, and a controllable power factor. To date, PWM rec-
tifiers have been widely used in industrial applications, such as
ac motor drives with regenerative requirements [1], distributed
generation based on renewable energy [2], microgrids [3], HVdc
transmissions [4], and so on.
Among the various control methods for PWM rectifiers, direct
power control (DPC) has received considerable attention from
both industry and academia [5]-[7]. Compared to the popular
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voltage-oriented control (VOC), DPC eliminates the use of a
linear controller and modulation block [8]. DPC directly selects
the optimal voltage vector from a predefined switching table to
regulate the active power and reactive power. Hence, the princi-
ple of DPC is very simple, and it achieves a very quick dynamic
response. The main drawbacks of DPC are a high steady-state
power ripple and variable switching frequency. Moreover, most
of the DPC methods were developed under ideal grid voltages.

In practical applications, it is necessary to ensure that the
PWM rectifier can work properly under both ideal and unbal-
anced grid conditions [6], [9]-[12], because 15% single-phase
voltage dips are very common in a weak grid [13]. Furthermore,
the grid voltage generally contains harmonic components due
to the increasing usage of nonlinear power electronic devices,
the saturation of magnetic elements, and so on [14]. Under un-
balanced and distorted network conditions, conventional DPC
methods will present highly distorted grid currents and dc-bus
voltage ripple, which degrades the power quality on the grid side
and is harmful to the capacitor and load on the load side.

There are some improved DPC methods in the literature that
aim to reduce the harmonics in the grid current and ripple in
the grid power under unbalanced and distorted grid conditions.
In [15] and [16], a power compensation is added to the original
power reference. However, they require a positive and negative
sequence extraction of the grid voltages and/or currents. Fur-
thermore, there exists significant ripple in the dc-bus voltage.
In [9] and [11], a simplified power compensation calculation
with the consideration of the dc-bus voltage ripple reduction is
proposed. However, distorted network conditions and param-
eter mismatch are not considered in [9] and [11]. In [17], the
reference current is calculated with consideration of the output
power and then regulated using a proportional resonant (PR)
controller. However, the calculation of the reference current is
very complicated, and it requires accurate knowledge of the
inductance. In [18], a current controller is proposed to maintain
the dc output voltage in a stable manner under distorted network
conditions. Additionally, the input side currents are controlled to
be balanced and sinusoidal. However, considerable tuning work
is unavoidable in [18]. In [19], a hybrid digital repetitive control
strategy is utilized to minimize the harmonics contained in the
line-side current and the dc link voltage under unbalanced and
distorted grid conditions. However, this method suffers from
complex controller structures that include phase-locked loop
(PLL), positive and negative sequence extraction, and reference
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frame transformation. An improved deadbeat control method
under unbalanced and distorted grid voltages is proposed in [20].
The deadbeat current control is simple and effective, but the ref-
erence current value calculated by the active negative sequence
current injection method is complicated because of the require-
ment of a notch filter, PLL, and reference frame transformation.

During the operation, the actual inductance may vary with the
temperature or conducting current. The control performance of
many control methods of the three-phase PWM rectifier depends
on the mathematical model of the three-phase PWM rectifier, es-
pecially model predictive control (MPC) or the deadbeat DPC
control method. The control performance will be downgraded if
the inductance value in the controller and its actual value are mis-
matched. Different parameter identification methods are com-
bined with predictive power control on the converters in some
papers. In [21], the least squares method is applied to the MPC.
The control performance of the PWM rectifier is improved, but
the method is conducted only under balanced grid conditions. In
[22], an adaptive voltage-oriented control with resistance and in-
ductance estimation is proposed for a PWM rectifier. Although
the robustness of the control system is improved, substantial
tuning work of the adaptive rate is unavoidable. In [23], a new
method is proposed that combines the finite set model predic-
tive control with an extended Kalman filter (EKF) for online
parameter estimation. The proposed method shows robustness
to parameter uncertainty and measurement noise; however, the
calculation burden of the method is large.

Although there are many papers that study the online induc-
tance estimation in the control of three-phase PWM rectifiers,
many inductance estimation methods are conducted under bal-
anced network conditions. Many control methods with induc-
tance estimation that operate under unbalanced network condi-
tions do not take distorted network conditions into consideration.
Moreover, the control of the dc-bus voltage of three-phase PWM
rectifiers under unbalanced and distorted network conditions is
not considered in most of these methods.

This paper proposes a robust DPC method under unbalanced
and distorted conditions with online inductance identification.
By analyzing the instantaneous power in the input line induc-
tance, a very simple power compensation technique is proposed
and added to the original power reference. The reference volt-
age vector is calculated based on the deadbeat control of the
extended power on the grid side and then synthesized by space
vector modulation (SVM) [6]. The robustness of the proposed
DPC method is improved by introducing online inductance iden-
tification based on the proposed gradient correction method. Not
only the harmonics in the grid-side currents but also the ripple
in the dc-bus voltage are significantly reduced, even with an
inaccurate inductance value. The effectiveness of the proposed
method is confirmed by the presented simulation and experi-
mental results.

II. DYNAMIC EQUATIONS OF A THREE-PHASE PWM RECTIFIER

A. Model of a Three-Phase PWM Rectifier Under an
Unbalanced Network

Fig. 1 shows the circuit of a three-phase, two-level PWM
rectifier, which is connected to the three-phase supply through
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Fig. 1. Topology of a two-level PWM rectifier.

the input line inductance. The model of the three-phase PWM
rectifier in the stationary reference frame can be expressed using
a complex vector as [6]
Lo (1)
t
where the subscript “a8” stands for the stationary reference
frame. e,g = eq + jeg is the grid voltage vector, 243 = iq +
Jig is the grid current vector, v, = v, + jug is the rectifier
voltage vector, and R and L are the equivalent series resistance
and inductance of the input filter, respectively.
According to instantaneous power theory [24], the complex
power S;,, on the grid side can be calculated as

€nB = R’ia[g + L + Vap

3.,
Sin = Pin + JQin = 3 (ihp€ap) (2)

where “x”” denotes the conjugate of a complex vector.
In [25], an extended reactive power is proposed, which is
suitable for an unbalanced network

nov = §Re (’i*aﬁe/aﬁ) (3)

mn 2
where the variable e/, 5 lags eqp by 90 electrical degrees [25].
The model of the three-phase PWM rectifier can be expressed
in the synchronous reference frame. All the variables can be
transformed from the stationary reference frame to the syn-
chronous reference frame by using the angular frequency of the
grid fundamental component w, and in this paper, w = 27 f ~
314 rad/s. Under balanced grid conditions, the relationship be-
tween the variable in the stationary reference frame x,g and
the variable in the synchronous reference frame x4, can be ex-
pressed as

—jwt ( 4)
where the subscript “dq” means that the variable is in the syn-
chronous reference frame. Substituting (1) into (4), the voltage
equation in the synchronous reference frame can be expressed
as

Tgq = Tap - €

didg jwLigg + vag (5)
dt
where eqq, 144, and vg, are the grid voltage vector, the grid
current vector, and the rectifier voltage vector in the synchronous
reference frame, respectively.
Under unbalanced network conditions, the grid voltages, the
grid currents, and the converter voltage can be expressed as [26]

(6)

€4q = Ridq + L

_ ot - _ 1t jwt — —jwt
€as = €,4 + €.8 = €q4° -+ €44
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Gap =iy g, =ig et +ig e It )
Vog = 'v:B +v,5= v;;qej”t + 'u;qe’j“’t (8)
€up = €4y E) g e @)

= —je e’ + jeg e ©)
g = 4,18 e D

= g, + g e (10)
R T

= —jug e+ jug eI (11)

where e;rﬁ =ef +je;§, e.5 = €a T e, izﬁ =it —&—jig,
Gop = ia + Jig, vzﬂ =T —|—jv;, Vg = Vg T+ 505, ej{q =
ey +iel, g =eq tieg, ig, =iy +jis, g, =iy + jig
vjl'q = vj + jv;r, and v, = v, + jv,. The superscript “+”
means the positive sequence component (PSC) of the variables,
while the superscript “—" denotes the negative sequence com-
ponent (NSC) of the variables. The delayed grid current 7/, 5 lags
tap by 90 electrical degrees, and the delayed grid current v/, 3
lags v, by 90 electrical degrees.

From (9)—(11), the PSC and NSC of e,g, 2,3, and v,z can

be obtained as

e;i‘—q B 1 e Jwt jefjwt s .
€ 2 | edwt  _jeiwt e.s
G afem e ]
i - 2 ejwt _jejwt i/
dq ap
v;‘q B 1 e Jwt je—jwt Vap "
v | 2| et —jeiwt| |, |
dq af

Under unbalanced network conditions, the active power and
extended reactive power on the grid side can be rearranged as
the sum of the dc component (denoted as X) and ac component
(denoted as X ) [6], [17], [27]. These dc and ac components
can easily be expressed by using the original grid voltage e,
the delayed grid voltage €', the original grid current %, and the
delayed grid current 4/, that is,

Py, = Py + Py, (15)
= QY+ QY (16)
where
Rn:%@@e+ﬂ@d) (17)
. 3
~ 3
=0 -ioe) (19)
~W:§@@a+a@@ (20)

4

where 4,4, e, and €’ are under the stationary reference frame.
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Fig.2. Control diagram of the proposed robust DPC method under unbalanced
and distorted grid voltage conditions.

B. Extension to an Unbalanced and Distorted Network

When the network conditions become unbalanced and dis-
torted, a large number of harmonics are contained in the grid
voltage. If these harmonics are not considered in the control
methods, then the grid currents will be distorted, and substan-
tial ripple will be present in the dc link voltage. In this paper,
a type of cascaded delayed signal cancellation (CDSC) [28] is
used to eliminate the low-order harmonics, such as the fifth- and
seventh-order harmonic components. Then, the PSC and NSC
of the variables can be obtained. A second-order generalized
integrator (SOGI) [29] is used to obtain the original variables
and the delayed variables. Subsequently, the model of the three-
phase PWM rectifier under the unbalanced grid condition is also
suitable for unbalanced and distorted network conditions.

III. PRINCIPLE OF DPC WITHOUT DC-BUS
VOLTAGE OSCILLATIONS

A. Reference Power Calculation

Fig. 2 illustrates the overall control diagram of the proposed
method. Under unbalanced grid conditions, the derivative of the
grid current and its delayed value can be expressed as [6]

i
é:—wi @1
di!

—é:wi. 22)

Accordingly, the input inductance voltage u, and its delayed
value u/;, can be calculated from (21) and (22) as

di

up =Ly = —wL -7 (23)
i’

ui_Li—wﬂz (24)
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From (18) and (20) and from (23) and (24), the ac component
of the inductance power can be obtained as

PL:§(i®uLfi’QU’L):fng(iQi’)

1 (25)

~ 3 . . 3 . .
QY = 1 (tou, +1 Our) = ZWL <|'1,\2 — |z’|2) . (26)

The input power ripple is the sum of the inductance power
ripple and output power ripple. Because the output power ripple
has to be zero to achieve a constant dc-bus voltage, the input
power ripple should be equal to the ripple (ac component) of the
inductance power. In other words, the power compensation to
be added to the input power reference is

Seomp PL +7- Qriov
3 3
= —SwL () +j- JwL (|i|2 - \i’|2) CY)
Thus, the new complex power reference is obtained as

Sref _ Sref 4 §eomp.

new

(28)

B. Reference Voltage Calculation

The derivatives of the active power and extended reactive
power on the grid side can be calculated as

o % le* ~ Re (v'e)| — %Pm —wQl (9
d nov
i %Re (" —v) €] % oGP (30)

Based on the principle of deadbeat power control (S™f =

S*+1) the equations in (29) and (30) can be discretized by
using the first-order Euler method as

f k k  k k  k
i Prggw - Pin _ i €ala t €3€p
Ts | Qref, — Qrovk 2L | ehel + efell

where T is the control period.
Solving (31), the final reference voltage vector is calculated
and expressed using a complex vector as [6]

o — ek _ Rik 4 2wl (Qnov,ke/k +P¢:I:Lek>

I5a (@0
. 2L k ref nov,k
7‘73T5A (e ( newiQin )

7erk (Pref 7]31];))

new

(32)

where A = e* @ e’ = Im(e**e'%).
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IV. INDUCTANCE IDENTIFICATION BASED ON GRADIENT
CORRECTION METHOD

A. Basic Principles

Assume that the output of system y(t) can be expressed by
the input of the system h (¢) and the parameter of the system 6.
The output of the system is

y(t) =h" ()0 (33)
where
{h(t) = [h1(t), ha(t), ..., hn (D))" (34)
0 =[01,0,-,0n]T.

After discretizing (34), it can be expressed in the standard
form for the gradient correction method as

y(k) = hT (k)0 (35)
{h(k) = [h1(k), ho(K), ..., hn(K)]T 6
0 =1[01,05--,0N]T.

The basic principle of the gradient correction method is to
update the value of the system parameter online by minimizing
the following objective function:

1
TOlory = 570, Bl (37)
where
£(0,k) = y(k) — h" (k)0(k). (38)

This is achieved by choosing the appropriate identification
value (k) along the negative gradient of J(6), which can be
expressed in recursive form as

. . 1 .
0(k)=0(k—1) — —— -grad[J(O(k -1
(k) = 00 = 1) ~ g - el (60 — 1))
where W (k) is the weighted matrix and grad [J((k — 1))] is
the gradient direction of the objective function about 6, which
is expressed as

(39)

grad[J(O(k — 1))] = —h(k)[y(k) = k" (k)8(k — 1))~ (40)

Solving the problem of parameter estimation can be consid-
ered as obtaining the solution when the gradient of the objective
function is zero.

In the conventional gradient correction method, the weighted
matrix is obtained by the Lyapunov stability theorem, which is
expressed as

W (k) = hT (k) - h(k).
Therefore, the conventional gradient correction method can
be arranged as
5 5 h(k) T (10j
0k)=0k—1)+ ——=[y(k) —h" (k)0(k—1
(k) = 00k = 1) + g (k) — BT (R0 1)

W (k) = hT (k) - h(k).

(41)

(42)

By using the stochastic approximation algorithm, a recursive
formula for the stochastic gradient correction method can be
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obtained. That is,

000 = 806 = 1) + G y() — KT (060~ 1)) @)
W (k) =W (k= 1)+ | h(k) [|* . (44)

B. Forgetting Factor

According to the forgetting factor least squares algorithms in
[30], aforgetting factor X is introduced into the recursive formula
(44). The final recursive gradient correction method is expressed
as

h(k)
S Y (k) —
)+ v
W (k) = AW (k — 1)+ || h(k) ||?

where A is the forgetting factor (0 < A < 1).

The greater the forgetting factor is, the lower the convergence
rate of the parameter estimation is. When A = 1, (46) is the same
as the stochastic gradient correction method shown in (44). The
larger the forgetting factor is, the lower will be the convergence
rate of the system that is obtained, while the final parameter
estimation error fluctuation is relatively small. On the contrary,
the smaller the forgetting factor is, the higher will be the con-
vergence rate of the system that is obtained; however, the final
parameter estimation error fluctuation is relatively large. There
actually exists a tuning process of the forgetting factor, which
is based on the convergence rate and the range of the estimation
error.

KT (k)O(k —1)]  (45)

(46)

C. Identification Model Under Unbalanced and Distorted
Grid Conditions

When using the proposed stochastic gradient correction
method to identify the inductance value, all the variables of
the three-phase PWM rectifier should be transformed to a syn-
chronous reference frame for obtaining constant values. Because
the inductance value is gradually modified along the negative
gradient of the objective function in the proposed inductance
identification method, if the variables in the objective function
are periodic signals, then the gradient of the objective function
will fall into a local optimal value rather than the global optimal
value. The estimated inductance value will not approach the real
value if the gradient of the objective function falls into a local
optimal value.

The model of the three-phase PWM rectifier in the syn-
chronous reference frame is shown in (5), which is transformed
into matrix form as

€d dld id
=1L + R
€q dt iq
—1 )
yowL| 4 47)
1d Vq

The voltage and current contain different harmonics when the
three-phase PWM rectifier operates under unbalanced and dis-
torted network conditions, which will lead to large fluctuations
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in the parameter identification results. In this paper, an improved
identification model is proposed. Only the PSCs of these vari-
ables are used in the identification model. That is,

+ dig -+
€a | _ at Ld
[e"’} K o it
a Tdt
it vl
+wl| f |+ N (48)
Zd ’Uq

where the superscript “+” means the PSCs of these variables.

When the three-phase PWM rectifier is under the steady state,
it can be assumed that the derivative of the positive component
of the current is zero, that is,

de
=0
dig _ 0

a
Substituting (49) into (48) and rearranging (48) according
to the standard form for the gradient correction method that
is expressed in (35) and (36), the identification model can be
expressed as

G- w) _[i5w —iw][r]
el (k) — v (k) iy (k) iy (k) wlL
Then, the output variable y(k), the input of the system h(k),
and the parameter of the system (k) can be expressed as

J(H) = lei (k) = vf <k>] h(k) = [z’; (k) =i} <k>]

ex (k) —vf (k) it (k) iy (k)

R
wlL

0= (1)

Substituting (51) into (37) and (38), the objective function in
the proposed control system can be expressed as

J(0) =

L [ed ) — o ) (R ) ki ()]
[; k) — v (k) — <7R~iq+(k)+wﬁ~ij(k))r

(52)

The weighted matrix is a two-dimensional symmetric matrix

in the proposed method. The initial weighted matrix is set as a
two-dimensional identity matrix, that is,

10
W(O)lo 1].

The values in the weighted matrix update in every control
period by using (46) in the proposed parameter identification
method.

(33)

V. SIMULATION AND EXPERIMENTAL RESULTS

To confirm the effectiveness of the proposed method, both
simulation and experimental tests are carried out on a two-level
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TABLE I
SYSTEM AND CONTROL PARAMETERS

System Parameters Symbol Value
Line resistance R 03 Q
Line inductance L 10 mH
DC-side capacitor c 840 uF
Load resistance Ry, 100 €2
Line-line voltage (RMS) Uy 150 V
Line voltage frequency f 50 Hz
DC-side voltage Uge 300 V
Sampling frequency fs 10 kHz

PWM rectifier. The system and control parameters used in the
simulation and experimental tests are listed in Table I. In both
the simulation tests and the experimental tests, the forgetting
factor is selected as 0.999 unless indicated.

A. Simulation Results

The proposed method is simulated in the MATLAB/Simulink
environment. The sampling frequency of all the simulation tests
is set to 10 kHz. The reference value of the dc-bus voltage is set
to 300 V. The grid-side extended reactive power reference value
is 0 Var.

To demonstrate that the convergence speed of the stochastic
gradient correction method with the forgetting factor is faster
than that of the conventional gradient correction method, Figs. 3
and 4 present the simulation results of the two methods. Fig. 3
shows the simulation results of the conventional gradient correc-
tion method under balanced grid conditions. Fig. 3(a) presents
the identification results of the inductance value when the ini-
tial inductance is 30 mH. At the starting point, the inductance
value in the controller is much larger than the actual value. In
the conventional gradient correction method, the estimated in-
ductance value will drastically decrease at first and then quickly
converge to its real value. The estimated inductance values may
reach negative values if there is no limit on the estimated values.
To avoid a negative value for the estimated inductance value,
the estimated value is limited in a range from 2 to 30 mH. Then,
the estimated inductance value converges to its real value after
a short time. In Fig. 3(b), the initial inductance value is set to
2 mH. The identification algorithm is enabled at 0.05 s, and the
identification value slowly converges to its true value in nearly
0.05 s. After the identification is stable, it can be seen that the
identification error is small.

Fig. 4 shows the simulation waveform of the proposed
stochastic gradient correction method with the forgetting fac-
tor under balanced grid conditions. Similar to Fig. 3, the ini-
tial inductance values are set to 30 mH in Fig. 4(a) and 2 mH
in Fig. 4(b). After the identification algorithm is enabled, the
identification value converges quickly in less than 0.02 s. The
identification error is small after the estimated inductance values
reach the actual values. This finding shows that the tracking ca-
pability of the proposed stochastic gradient correction method is
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Fig. 3. Simulated inductance value identification results using the conven-
tional gradient correction method under balanced grid conditions: (a) initial
inductance value of 30 mH; (b) initial inductance value of 2 mH.

considerably improved. In Fig. 4(b), the initial inductance value
in the controller is set as 2 mH. This differs greatly from the
real value of the input-side inductance value, 10 mH. There-
fore, some errors are produced in the grid-side currents in the
proposed method at first. Then a large error emerges in the esti-
mated inductance value because the grid currents are used in the
inductance estimation process. However, the estimated induc-
tance value reaches its real value immediately. In the simulation
results in Fig. 8, this overshoot in such a short time has little
influence on the control performance. In Fig. 4(b), the final esti-
mated inductance value is around 9.92 mH. The error in the final
estimated inductance value is only 1% when compared with the
real value. The estimated inductance value is thus very close to
the real value of the inductance.

To show the impact of the forgetting factor, two simulation
tests are conducted on the control system under unbalanced and
distorted network conditions. In the simulation tests, the phase
A grid voltage dips to 50% of its initial value, and 10% of the
fifth-order harmonic component and 10% of the seventh-order
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Fig. 4. Inductance value identification results using the stochastic gradient
correction method with the forgetting factor under balanced grid conditions:
(a) initial inductance value of 30 mH; (b) initial inductance value of 2 mH.

harmonic component are added to the grid voltage. In Fig. 5(a),
the forgetting factor is set as 0.8. The initial value of the input-
side inductance is 2 mH. The convergence rate of the proposed
method when the forgetting factor is 0.8 is higher than that of
the proposed method when the forgetting factor is 0.999. How-
ever, compared with the steady-state estimation errors when the
forgetting factor of the proposed method is 0.8, the estimation
errors are smaller when the forgetting factor is 0.999.

A DPC method to achieve the control target of eliminating the
dc-link voltage oscillations and maintaining the sinusoidal grid
currents under unbalanced network conditions is proposed in
[27]. The method in [27] is compared with the proposed method
in this manuscript under the same simulation conditions. In the
simulation tests, the phase A grid voltage first dips to 50% of its
initial value. Ten percent of the fifth-order harmonic component
and 10% of the seventh-order harmonic component are added
to the grid voltages at 0.1 s. The initial inductance value applied
in the controller is the actual value of the grid-side inductance,
10 mH. The inductance value in the controller changes at 0.2 s.
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Fig. 5. Inductance identification results using the stochastic gradient correc-
tion method with the forgetting factor under unbalanced and distorted network
conditions when the initial inductance value is set to 2 mH: (a) the forgetting
factor is 0.8; (b) the forgetting factor is 0.999.

Figs. 6 and 8 present the simulation results of the two methods;
from top to bottom, the curves are the inductance value used
in the proposed DPC method, grid-side active power, extended
reactive power, dc-bus voltage, grid voltages, and grid-side cur-
rents.

The inductance value used in the controller changes from 10
to 30 mH at 0.2 s in Fig. 6(a). The proposed inductance iden-
tification method is enabled at 0.3 s, and the inductance value
in the controller converges to the actual value immediately. The
ripples in the power and the harmonics in the input-side cur-
rents are much reduced, and the ripples in the dc-bus voltage are
eliminated after 0.3 s. However, in Fig. 6(b), some low-order har-
monics emerge in the input-side currents when the grid voltages
become unbalanced and distorted even with the real inductance
value because distorted network conditions are not considered in
[27]. Without the parameter identification method proposed in
this manuscript, substantial harmonics are produced in the grid-
side power and current in the method of [27] after the inductance
value in the controller becomes 30 mH (300% of actual value).



ZHANG et al.: DPC OF PWM RECTIFIERS WITH ONLINE INDUCTANCE IDENTIFICATION

015 02 025 03 035 04 045 05

t/s

0 005 0.1

5 o PR
¥ Y T
S

Fig. 6.  Simulation results of two DPC methods when the inductance value in
the controller changes to 30 mH: (a) proposed DPC method with the proposed
online inductance identification method enabled at ¢ = 0.3 s; (b) DPC method
in [27].

The ripples in the dc-bus voltage remain all the time in Fig. 6(b)
after the grid voltages become unbalanced and distorted.

Fig. 7 presents the total harmonic distortion (THD) of the
phase A grid current of the DPC method proposed in this paper
before and after enabling the parameter identification method.
The THD of the phase A grid current is 5.95% when the induc-
tance value in the controller is 30 mH. The THD is decreased
to 2.83% after the proposed inductance identification method is
enabled.

In Fig. 8, the grid voltages change from unbalanced to unbal-
anced and distorted at 0.1s. Before 0.2 s, the inductance value
in the controller is the same as the actual inductance value,
10 mH. The inductance value in the controller of the two meth-
ods changes to 2 mH at 0.2 s. The main control algorithm of
the proposed method is DPC with SVM. The voltage refer-
ence value is directly calculated by the mathematical model and
parameter of the three-phase PWM rectifier. If the inductance
value in the controller deviates too much from the real value of
the inductance, undesirable grid-side currents will be produced.
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Fig. 7. Harmonic spectrum of the grid current of the proposed method before
and after enabling the online inductance identification: (a) before enabling the
online identification with an initial inductance value of 30 mH; (b) after enabling
the online identification.

The grid-side extended reactive power is calculated by using
grid voltages and grid currents. The currents obtained by the
mismatched inductance value have impacts on the steady-state
errors of the grid-side extended power. In Fig. 8(a), there is an
undesirable dc offset in the grid-side extended reactive power
when the inductance value in the controller is 2 mH. After the
inductance identification method is enabled, the dc offset in the
extended reactive power is eliminated, and the ripples in the
dc-bus voltage are much reduced. Because distorted network
conditions are not considered in [27], some obvious low-order
harmonics are shown in the grid-side currents in Fig. 8(b) under
unbalanced and distorted network conditions with matched or
mismatched inductance values. Also, some ripples emerge after
the inductance value in the controller changes to 2 mH.

From the simulation results above, it may be observed that
the previous method proposed in [27] is not robust to changes
in the inductance value, and its control performance is down-
graded under unbalanced and distorted network conditions.
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Fig. 8. Simulation results of two DPC methods when the inductance value in
the controller changes to 2 mH: (a) proposed DPC method with the proposed
online inductance identification method enabled at ¢ = 0.3 s; (b) DPC method
in [27].

However, the method proposed in this paper achieves better
control performance under unbalanced and distorted network
conditions. The proposed method is robust to changes in the in-
ductance value because the inductance identification method is
applied in the DPC method.

Fig. 9 shows the harmonic spectra of the phase A grid current
in the proposed method before and after enabling the online
inductance identification. When the inductance value is 2 mH,
the THD of the phase A grid current is 3.03%. After enabling
the inductance identification, the THD is decreased to 2.63%.

In Fig. 10, the real values of the grid-side inductance and the
inductance value in the controller are the same at first, that is,
10 mH. The real value of the inductance changes to 5 mH at
0.1 s. Substantial harmonics are then produced in the grid-side
power and current, and some ripples emerge in the dc-link volt-
age. The proposed inductance identification method is enabled
at 0.2 s. After that, the estimated inductance value used in the
controller immediately converges to nearly 5 mH. The proposed
DPC method achieves satisfactory performance again because
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Fig. 9. Harmonic spectrum of the grid current of the proposed method before
and after enabling the online inductance identification: (a) before enabling the
online identification with an initial inductance value of 2 mH; (b) after enabling
the online identification.
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Fig. 10.  Simulation results of the proposed DPC under unbalanced and dis-
torted grid network conditions when the real input-side inductance value changes
from 10 to 5 mH at ¢t = 0.1 s and the online inductance identification method
isenabledatt = 0.2s.
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Fig. 11.  Simulation results of the inductance value identification method with
grid currents with measurement noise under unbalanced and distorted network
conditions: (a) original measured grid-side currents Iy and grid-side currents
with measurement noise Inpcn; (b) inductance identification result when the
initial inductance value is 30 mH (300% of actual inductance value).

the real inductance value and the estimated values are matched.
This case helps to illustrate that once the forgetting factor is con-
firmed, the convergence rate remains fast when the real grid-side
inductance value and the grid change. A satisfactory identifica-
tion result is obtained by using the same forgetting factor as
before, which is 0.999. The simulation results presented here
confirm that a similar quick convergence rate can be achieved
by one selected forgetting factor when sudden changes happen
in the applied inductance value in the controller or in the real
inductance value.

In experimental tests, outer electromagnetic interference may
influence the measurement instrument on the experimental rigs,
causing measurement noise to emerge. The performance of the
parameter identification methods may be downgraded by the
measurement noise. However, the proposed inductance identi-
fication is robust to the current measurement noise. In the sim-
ulation results in Figs. 11 and 12, a white noise is added to the
measured grid-side currents. The amplitude of the white noise
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Fig. 12.  Simulation results of the inductance value identification method with
grid currents with measurement noise under unbalanced and distorted network
conditions: (a) original measured grid-side currents Iop. and grid-side currents
with measurement noise Iypen; (b) inductance identification result when the
initial inductance value is 2 mH (20% of actual inductance value).

reistance

(b)

Fig. 13.  Experimental test setup: (a) main circuit, control circuit, and oscillo-
scope; (b) line inductor, programmable ac source, and load.

added to the currents is around 0.4 A. The noise generated in the
AD block in the real experimental rig is simulated. In Fig. 11(a),
the first channel shows the original measured grid-side current
ILe, and the second channel is the current with measurement
noise Iypen. In Fig. 11(b), the initial inductance value is set to
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Fig. 14. Experimental results of the proposed DPC under unbalanced and
distorted network conditions when enabling the online inductance identification
at t = 0.05 s with an initial inductance value of 30 mH (300% of actual value).

30 mH, and the proposed parameter identification method is
enabled at 0.05 s. The estimated inductance value quickly con-
verges to the real value of the inductance without the influence
of the measurement noise in the current. The initial inductance
value is set as 2 mH in Fig. 12. When the proposed method is
enabled at 0.05 s, the inductance value converges to its real value
immediately without the influence of measurement noise. The
simulation result shows that the proposed method is robust to the
measurement noise; even when measurement noise is present,
the final parameter identification result will still be satisfactory.

B. Experimental Results

To further validate the effectiveness of the proposed method,
the proposed DPC method with inductance identification is
tested on a two-level, three-phase PWM rectifier, and the
experimental setup is illustrated in Fig. 13. All the tests are
performed under unbalanced and distorted grid conditions.
The 32-bit floating DSP TMS320F28335 is used to implement
the control algorithm. In all the tests, the reference value of
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Fig. 15. Harmonic spectrum of grid current in the experiment before and after
enabling the online inductance identification: (a) before enabling the online
identification with an initial inductance value of 30 mH; (b) after enabling the
online identification.

the input-side active power P!

wm

active power F;,, input-side extended reactive power

real value of the input-side

output-side active power Py, and estimated inductance L are
displayed and recorded by a digital oscilloscope via a DA
converter. The dc-bus voltage, grid voltages, and grid currents
are directly measured by voltage/current probes connected to
a DL850 scope coder. A programmable ac source (Chroma
61511) is used to generate the required distorted grid conditions.
In the experimental tests, the phase A grid voltage dips to 50%
of its initial value, 43.5 V, and 10% of the fifth-order harmonic
component and 10% of the seventh-order harmonic component
are added to the grid voltage. All the experimental tests are
conducted under voltage closed-loop control. The reference
value of the dc-link bus voltage is set to 300 V, and the grid-side
extended reactive power reference value is O Var.

Fig. 14 shows the experimental results of the proposed DPC
method with inductance identification. The initial inductance
value is 30 mH in Fig. 14. When the inductance value used in the
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Fig. 16. Experimental results of the proposed DPC under unbalanced and

distorted network conditions when enabling the online inductance identification
at t = 0.05 s with an initial inductance value of 2 mH (20% of actual value).

control system is 30 mH, the grid-side current contains serious
distortion, and the grid-side reference active power, grid-side
active power, grid-side extended reactive power, and output-side
active power fluctuate drastically. The identification algorithm is
enabled at 0.05 s, and the identification value quickly converges
to the real inductance value. Then, the fluctuations of the grid-
side active power reference value, the grid-side active power, the
grid side extended reactive power, and the output-side power are
reduced to relatively small ranges.

Fig. 15 is the phase A grid current THD analysis of Fig. 14(a).
Before the identification algorithm is enabled, the THD of the
phase A current is 9.1287%. A clear current distortion can be
observed in the phase A current. After the inductance identifi-
cation algorithm is enabled, the inductance value is identified
by the stochastic gradient correction method with a forgetting
factor. The THD of the phase A current decreases to 3.979%. As
shown in Fig. 14(a), the three-phase grid current is sinusoidal.

Fig. 16 shows the experimental results of the proposed DPC
method when the initial inductance value is 2 mH. The stochastic
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Fig. 17.  Harmonic spectrum of grid current in experiment before and after
enabling the online inductance identification: (a) before enabling the online
identification with an initial inductance value of 2 mH; (b) after enabling the
online identification.

gradient correction inductance identification with a forgetting
factor is utilized in the DPC for improving the performance
when the inductance value deviates from its real value. There
is an undesirable dc offset in the grid-side extended reactive
power when the inductance value used in the control system
is 2 mH. The dc component of the extended reactive power is
approximately 250 Var. Similar to the simulation result in Fig. 8,
the power factor is affected. The grid-side current is slightly
distorted, and there are fluctuations in the active power reference
value and the actual active power. An observable ripple appears
in the output-side active power and dc-bus voltage.

At 0.05 s, the identification algorithm is enabled, the induc-
tance identification value converges rapidly, and the identifica-
tion value finally remains at 1 1 mH. During the dynamic identifi-
cation process, the bus voltage deviates from its reference value
in a short time. After the estimated inductance value is stable,
the bus voltage firmly remains at the reference value of 300 V
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with little fluctuation, and the fluctuation of the converter-side
output power decreases accordingly. Fig. 17 is the phase A cur-
rent THD analysis of the grid-side current in Fig. 16(a). When
the inductance is 2 mH, the phase A current THD is 4.9563%.
It is observable that the phase A current is slightly distorted.
After the estimated inductance value becomes stable, the phase
A current THD decreases to 3.8258%.

VI. CONCLUSION

In this paper, an improved DPC method with online induc-
tance identification for PWM rectifiers is proposed. The pro-
posed DPC method is suitable for unbalanced and distorted grid
conditions. Compared to prior DPC methods, the method in this
paper not only takes the performance improvement of the input-
side power and current into account but also considers elimi-
nating the ripple in the dc-bus voltage and output-side active
power. Moreover, it can operate under unbalanced and distorted
grid conditions by utilizing the CDSC and SOGTI to extract the
original voltage and current and their delayed values. The power
compensation can be obtained through analyzing the power rip-
ple in the input side, output side, and inductance. The power
compensation is added to the original power reference as a new
power reference value. The ultimate voltage reference value can
be calculated by using the principle of deadbeat power control
and finally synthesized by SVM. An online inductance iden-
tification technique is introduced to the proposed DPC. This
identification method is based on the stochastic gradient cor-
rection with a forgetting factor. It can estimate the actual value
of the inductance when the inductance value deviates from its
real value. The superior performance of the proposed method is
validated by simulation and experimental results.
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