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Abstract: The three-phase four-leg inverter can produce balanced voltages even with unbalanced
loads, yet its controller design is quite complicated. Based on the analysis on time domain equations,
a decoupled sequence control strategy for the three-phase four-leg inverter in a low-voltage network
is proposed. A negative sequence controller and a zero sequence controller are added to the control
strategy besides the positive sequence controller. Furthermore, considering the output limit of the
inverter, a current limit design scheme is raised through the analysis on each sequence current in
synchronous rotating frame. In the case of asymmetry, the limit value of each sequence current can
be adjusted dynamically according to the design scheme. The output currents in each sequence can
be controlled and limited for different purposes respectively. Finally, simulation results based on
PSCAD/EMTDC V4.5.0 verify the validity of the control strategy.

Keywords: three-phase four-leg inverter; sequence control strategy; current-limiting scheme;
low-voltage network

1. Introduction

In the low-voltage distribution network there are many single-phase loads, which of each phase
cannot achieve absolute balance, so the voltages of the three phases are not completely symmetrical.
To solve this problem as well as to improve power quality, the three-phase four-leg inverter is
recommended to be used for the connection of the distributed generator to grids with a high power
quality requirement [1-3]. In order to achieve a three-phase symmetrical output voltage, a bridge arm
is applied to form the neutral point in the three-phase four-leg inverter, making the inverter more
complex than the traditional one. Due to its special function, the control strategy is also very different
from that of the traditional three-phase inverter [2,4]. Furthermore, studying the current-limiting
scheme is meaningful for exerting the maximum capability in the case of limited inverter capacity.
Unlike the three-phase inverter, this inverter’s three phase currents are different from each other, so the
current limit cannot be simply determined by only one phase current in the traditional way. Besides
providing a feasible method of determining the current limit, this paper also addresses the control
strategy of the inverter and the way to limit the output current.

As the important role of the three-phase four-leg inverter is balancing voltage, its control strategy
has been studied by many insiders. According to the analysis by using symmetrical component
method and large-signal averaged modeling method, it is found that an asymmetric output voltage
is generated when the three-phase inverter fails to keep the neutral point potential constant in the
case of unbalanced loads [5]. The research on three-phase inverters with unbalanced loads is also
widely carried out [6-10], but constrained by the structure, it is difficult to completely solve the
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problem of voltage asymmetry. On this basis, the structure of neutral point clamped (NPC) inverter
begins to be studied [11,12]. Its DC capacitor is split and the midpoint is connected with the neutral
line. However, problems of neutral point voltage balancing and low DC voltage utilization are
complicated. Another method to solve the voltage asymmetry problem is the three-phase four-leg
structure. According to modeling and analyzing the load neutral point voltage (LNPV) of three-phase
four-leg inverter, the factors influencing the LNPV are revealed, and the methods to mitigate the LNPV
is proposed [13]. The transfer functions of open-loop control or the proportional integral (PI) controller
in the synchronous frame are studied in [14], and a method of restraining current disturbances
to the three-phase four-leg inverter with unbalanced load is proposed. A strategy with model
predictive control is proposed and the mathematical model of the four-leg inverter is analyzed in [15].
To keep the voltage three-phase balanced, a method of eliminating the neutral current is studied [16].
Paper [17] proposes a method based on modified repetitive control (MRC) which integrates with a
non-phase-shifting low-pass filter, having a better tradeoff between the performance and robustness
of repetitive control, but the effectiveness of this method is highly subject to the pole placement,
bandwidth, and damping coefficient of the MRC. By using the symmetrical component method, each
component can be decomposed into positive, negative, and zero sequence, which can simplify the
control of three-phase four leg inverter [18,19]. Space-vector-modulation strategies respectively based
on ABC and 3D coordinate systems are proposed in [20-22], but they are sort of complicated. However,
the papers above only focus on the control strategy of the three-phase four-leg inverter, and do not
involve discussion on how to play its maximum capacity when the output current is limited.

This paper is focused on a simple control strategy of the three-phase four-leg inverter connected to
the low-voltage network with unbalance loads. By decoupling the mathematical model of three-phase
four-leg inverter to three-phase form and single-phase form with the symmetrical component method,
a sequence-independent control scheme is presented. On this basis, the current-limiting scheme is
proposed for the inverter to achieve the maximum output capability with the output current of each
leg under the limit.

2. Control Strategy of the Three-Phase Four-Leg Inverter

2.1. Modeling and Analysis of the Three-Phase Four-Leg Inverter

Compared with the traditional three-phase inverter, the three-phase four-leg inverter has an extra
bridge arm as the neutral point, shown as Figure 1.
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Figure 1. Topological structure of three-phase four-leg inverter with LC filter.

In Figure 1, ugq. is the DC voltage, ua, up, Uc, Un each represent a leg voltage, i, is the current
flowing through the neutral inductor Ly, usa, Ugp, tsc are respectively the voltages of the three phases
at the point of common coupling (PCC), and iy, #,, ic are the currents flowing into PCC. L¢ is the
three-phase inductance of filter and C; is the filter capacitance.
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It is shown in Figure 1 that the fourth leg can provide a pathway for zero-sequence current.
According to the topological structure, the differential equation of the circuit can be written as

Uy = Lf(% + Cs a $2) + Usa

ub_Lf(ddlf +Cfd qu)+usb (1)
Ue = Lf(‘fiif +Cf dt2 <) + Uge

Up = —Ln%

Since most of the high-frequency harmonic components of the output voltage and current can be
filtered by the grid-connected filter, they are not discussed for the basic control strategy study in this
paper. The following analyses are based on fundamental components of 50 or 60 Hz.

To achieve the decoupling of each sequence component with the symmetrical component method,
(1) is transformed to the phasor Equation (2).

Ua ja Usa
U, | =jwLe | I, | +(1—@?LeCy) | Uy, ()
UC IC uSC

Multiplying (2) by the symmetrical component transformation matrix S, we get

. L
S| U, | =jwLsS | I, | +(1—w?LCe)S | Uy, (3)
UC IC USC
where the matrix S is
1 1 a a°
S= 3 1 a® a 4)
1 1 1
where the operator a = e/120".
Then there is
Z%Ia(l) ?a(l) l-:lsa(l)
l.la(Z) =jwLg ?a(z) + (1 - (UszCf) ljlsa(Z) Q)
Ua(0) I3 (0 Usa(o)

It can be seen from (5) that the three-sequence components are independent of each other, so the
differential equations of each sequence in time domain are

di

”a(l):L(.dt +C" X —g ) + gy
(1) = f(d”’i“ + Cfd s D) + ug) (6)
ery = Le(Z50 4 C dz” W) 4 g
di d?ug
Ua(2) = Li(=g* + Cr—gp™) + ga(2)
tp(2) = Le( 52 + Cfdzdtz )+ tis(2) @

2,
Ue(2) = Lf( dt + Ct dt2 )"‘usc( 2)

di d?u
_ a(0) a(0)
Ua(0) = Lf( dt + ar2 )

+ Usa(0) 8
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Subscripts (1), (2), and (o) respectively indicate the positive, negative and zero sequence components.
Then (6) is the positive sequence equation of the inverter, while (7) is the negative and (8) is the zero.
As the zero sequence components of three phases are exactly identical, only the equation of phase A
is given.

According to the Kirchhoff’s Current Law, the current i, flowing through the neutral line
must satisfy

dusa(O)

du du du .
sa sb sc :3(1a(0) + C¢ o ) )

i Ta Tar)

So, the fourth equation in (1) can be written as

in = (ia + 1, +ic) + Ce(

dzusa(O) )
dr?

di
Un = —3Ln(—9 4 ¢,

It (10)

From (9) and (10) we can know that the neutral line current i, only contains the zero sequence
component. Therefore, the output voltage of the fourth leg is just the zero sequence voltage.

Through the analysis, it is known that the positive and negative sequence components are only
dependent on the voltages and currents of the first three legs, consistent with the mathematical model
of the traditional three-phase inverter, but the zero sequence components are different.

According to (8) and (10), the zero sequence equation is

diy (o) A1y 0)
Uan(0) = Ua(0) — Un = (Lf +3Ln)( dt + s a2 ) + Usa(0) (11)

where u,,,(g) is the zero sequence potential difference between the outlets of the first and fourth legs.
The zero sequence circuit topology described by (11) is shown in Figure 2.

L Lyo)
A
uuﬂ(fl_) Cf usa(O)
3L
N Y TY ™Y

Figure 2. Equivalent circuit topology of zero sequence.

In summary, (6), (7), and (11) can respectively describe the positive, negative, and zero sequence
mathematical models of three-phase four leg inverter. To maintain the symmetry of the three-phase
voltage in the low-voltage distribution network with unbalanced loads, the negative and zero sequence
voltage have to be 0. In other words, the PCC voltage contains only the positive sequence component.

2.2. Control Strategy of Positive and Negative Sequence Components

For the grid-connected distributed generator (DG), the constant power control (PQ control) is
widely adopted. According to the instantaneous power theory [23], the average part of instantaneous
power, in which form the energy is transferred in the three-phase four-wire system, can be expressed
as (12).

= 3V(1)(1)cosPy(1) — Pi(1)) + 3V(2)L(2)c08Pu(2) — Pi(2)) + 3V(0)L(0)C05Pu(0) — Pi(0))
3

) . (12)
Viylysingy ) — @) — 3V(2) [2)singy(2) — ¢i2))

| <3
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where p, 7 represent the average parts of active power and reactive power respectively, and the pairs
of V(1) and Iy), V(5) and I(5), as well as Vg and I ), represent the effective voltage and current values
of positive, negative and zero sequences separately, with their corresponding phases being ¢;,(1), ¢;(1),
Po(2): Pi(2)s Po(0), and ¢;(p)-

Assuming the negative and zero sequence voltages are 0 to achieve symmetry, p and g in (12) are
determined only by the positive sequence components. Therefore, the positive sequence components
can be regulated with the PQ control method as a way to control the power flow.

Through the Park transformation, both the positive sequence and the negative sequence
components acquire the DC form in d-q coordinate system, and thus can be easily controlled by
the PI controller without the static error [24]. Here we show the transforming process:

The Park transformation matrix is

2 cos® cos(0 — 2%)  cos(0 4 2
Cas/ar = 3| —sind —sin<( — %—”) —si;(e —|—3221) 13)
3 3
For the positive sequence,
Usga(1) U(1)msin(wt + oq) .
u : t+oq—0
|: usd(l) :| = C3s/2r usb(l) = C3S/2r U(l)msm(wt + X1 — 27'[/3) = u(l)m _S(ljr(;i(('uwt +(X; B g) :| (]_4:)
sq(1) Use(1) Ug)msin(wt + o +27/3) !

where u44(1) and uq(1) are the d-axis and g-axis components of the PCC positive voltage, U1, is its
amplitude and w is the system angular frequency which is obtained by the phase-locked loop (PLL)
in real time, and o is the initial phase of ug,(1). To make u4(1) and uq(q) take the DC form, and to
enable 1y (1) = 0, the following condition has to be met

0= wt+ay —7/2 (15)

For the negative sequence, the negative sequence current is used as an example. Let
0' = -0 = —(wt+ oy — 7/2), and get C;, , by replacing the 6 in Cs, /o, with 8". Then,

i fa(2) [)msin(wt + ¢2) cos((pz — «1)
[ id@) } =Cay/ar | b2 | = Casjar | Lmsin(wt + @2 +21/3) | = Iio)m { —sin(p; — olq) } (16
q(2) iC(Z) 1(2)msm(wt + @7 — 27'[/3)

where (), and ¢ are the amplitude and initial phase of 7, ;).

Through the transformations (14) and (16), the PI controller is introduced to the d-q frame. Because
the harmonics in the primary currents and voltages will bring problems for PI controller, low pass
filters should be applied to the decomposition process of sequence components.

The inner-loop and outer-loop controllers of the positive sequence components are expressed as
(17) and (18), respectively.

Uug(1)_ref = (Kip1) + Kﬂs(l) )(iq(1)_ref — Ta(1)) — Wheig) + Usqq) 17)

K; . . .
Uq(1)_ref = (Ki (1) + Is(l>)(lq(1)_ref - lq(l)) + wald(l) + Usq(1)

. K,
iq(1)_ret = (Kop(1) +1< ") (Preg — P)
) (Qret — Q)

where i4(1) and iy(y) are the d-axis and q-axis components of the positive sequence current; Kip(y)
and Kp(q) the proportionality coefficients of the inner and outer loops; Kjy(1) and K1) the integral
coefficients of the inner and outer 100ps; ig(1) ref and iy(1)_rf the reference currents; Prer and Qyef the
reference powers; and, 14(1) ref and (1) _ref the modulation signals.

(18)

iq(l)_ref = (KOP(l) +
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The outer loop is used to achieve power control, while the inner loop speeds up the
dynamic response.

For the negative sequence components, as they are converted to the DC form, they can also
be regulated by the same control method as the positive sequence components in (17) and (18),
with components P and Q replaced by the negative voltages for the outer loop control [25]:

. KO
i4(2)_ref = — (Kop(2) + =52 ) thsq(2) (19)
iq(Z)fref = _<K0P(2) + 0;(2) )usq(Z)

The positive and negative sequence control strategies are illustrated in Figure 3.

KOILI
Pre?;[(wm'" " l
P

”%d!: 1)

[rl(l: ref “+ Hdm ref

0 Ly
K K U
ol(1) i) q(1)_ref
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(@) e
a
Uy
N\ Ha) ret

sq(2)
K
l(2)
U‘%} Kums o
s

Figure 3. Control strategy of the three-phase four-leg inverter: (a) Positive sequence control strategy;

(b)

(b) Negative sequence control strategy.

2.3. Control Strategy of Zero Sequence Component

In (11), the zero sequence model of the three-phase four-leg inverter can be regarded as a
single-phase inverter, so it can be controlled by a similar strategy to that of a single-phase inverter.

Due to the static error in controlling an AC system, the PI controller fails when high precision
is required, and has to give way to the proportional resonant (PR) controller, which has no static
error. However, this is only in principle, for it is difficult to build an ideal PR controller and its
regulating performance is subject to the fluctuations of the grid frequency [26]. Another way to avoid
this disadvantage is trying to convert the single-phase AC signal to DC form to make it acceptable for
the application of the PI controller.

For a single-phase voltage or current, with a delay of a quarter of the period, a new signal is
created, whose vector is perpendicular to that of the former [27]. The two signals can be converted into
DC components through the x3-dq transformation. Take the zero sequence current i, for example,
whose expression is

fa0) = Lio)msin(wt + @) (20)
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In the «f3 static coordinate system, let

ia = 15(0) = L(o)msin(wt + @o)

21
ip = l(oymsin(wt + @o —90°) = —Ig)mcos(wt + @) @

After the af3-dq transformation, two DC components iy(g) and iq(q) are obtained as

[ l’,d«)) } _ [ cos®  sinf } { in } ~ Iom { sin(wt + @ 76)) } ~ Liom { cos(@o — o) } 22)

iq(0) —sin® cos0 ig —cos(wt + @9 — 6 sin(@o — o)

where 0 = wt 4+ o7 — 71/2.
Figure 4 illustrates the transformation process.

Loy a fa)
O.’ﬁ / dq i
= B 4(0)
e
e

Figure 4. The transformation process of zero sequence.

Through the transformation, the static error of the PI controller can be eliminated. The control
method is similar to that of negative sequence components, only with L¢ replaced by (L¢ + 3Ly) and
each voltage and current replaced by its zero sequence counterpart in (17) and (19).

Finally, the control signals of the three sequences should be superimposed and modulated in
the way shown in Figure 5 to achieve the control on the three-phase four-leg inverter. In this paper,
sine-wave pulse-width modulation (SPWM) is chosen as the modulation strategy.

[

{ .
d(1) ref m,..
a'q/abc 2/“[“; abe(1)
u

q(1)_ref

u

d(2) ref - -
-a'q/abc 2/”;1;; n?ahc(-l E) 'mabc

”q[_ 2) ref

ud:n: ref m ,_l m
- d a l “( . | abe(0) _l n
2 Q/ B / i 1

q(0)_ref

SPWM

Figure 5. Superimposition of control signals.

3. Current-Limiting Scheme Embedded in Control Strategy

To maintain the PCC voltage symmetry, each phase current output by the three-phase four-leg
inverter is usually unequal in magnitude with others. The method of the modulus limit on current
reference value is not applicable to limiting the output current and protect the inverter. In addition,
setting limit values for each sequence independently may cause the waste of the inverter capacity. It is
necessary to find a method which can limit the phase currents and make full use of the capacity of
the inverter.

According to the control strategy above, the controller of each sequence is independent with
others. The positive sequence current is determined by the target of the output power. It takes on the
role of outputting active and reactive power. The negative and zero sequence currents depend on the
load condition, and they play a common role of balancing the PCC voltage. Thus, the negative and
zero sequence currents can be put into one block to be discussed, and for convenience, their sum I K(2,0)
can be called as the balance regulating current.
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Iioo) = Iy + 110y, (k=a,b,c) (23)

where I K(2) is the negative sequence current of phase k, and as the zero sequence components of three

phases are exactly identical, the zero sequence current is written as I (0)-

Then, the currents are divided into two categories: the positive sequence current is for power
transmission, and the balance regulating current, which is the sum of the negative and zero sequence
currents, is for voltage balance.

3.1. Output Characteristic of Each Sequence

When the direction of the AC voltage vector Uy is selected as that of the d-axis in the synchronous
rotating coordinate system, the output power and positive sequence current of the DG have such
relationships [24]

P = 1.5usd(1)id(‘1) (24)
Q= ~13Usa()iqn)
where P and Q are the active power and reactive power output by the inverter. Since the Park
transformation will not change the amplitude, 14(1) has the same amplitude with Uy).
Therefore, the d-axis and g-axis components of the positive sequence current can be obtained as

id(l)_gp _Z|P|

-3 Usd(1) -3 U(l)

i —_2 —_2_0Q (25)
AW T Sy T3 ug)]

According to Figure 6, the current vector I(;) lags behind the voltage vector U ;) by an angle A6.
Accordingly, each phase current lags behind the corresponding phase voltage by A0 in abc frame.
According to (14), the amplitude of each phase current is equal with that of I(;). The A phase current
phasor can be expressed as

L) = 3y +i21)£ (80 + A0) (26)
where 8y = argUsa(l) and A® = arctan(iq(y)/iq(1))-

q;x

Q)

iy S N
Figure 6. Positive sequence current in d-q frame.

In addition, the control system of the inverter is generally equipped with a modulus limiter, which
can limit the amplitude of the output current within a certain value I(1)n,y. Therefore, according to
(25) and (26), the positive sequence current is

2 \/ Prefz"'Qrefzé(e —|—A9) 2 \/ Prefz"i‘Qref2
=3 11 0 ’ e

I z <I (27)
a(1) (1)max
3 U(l)' 3 U(l)‘
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When the voltage is very small, which means the I a(1) Will be rather large, I a(1) should be limited at the
maximum value I(1)p,y. The modulus limiter can limit the amplitude of the current without changing
its phase [25]. Then, the positive sequence current can be written as

. 2 \/ Pref2 + Qref2
L) = [1max€(00 +A0), Zz—F—7— > Iy

n max (28)
3 U(l)’

For the negative and zero sequence currents, which are introduced to maintain voltage symmetry,
they are determined by loads, and only the electrical states of the negative and zero sequence
components are known

Ug(2) = Ug(0) =0, ‘Ik(z,o)‘ < I 0)max (k =1a,b,c) (29)

where the zero sequence voltage of PCC is written as Us(O) for that of each phase is identical;
Uga(2) is the A phase negative voltage and I(; o),y is the amplitude limit of the balance regulating
current Iy (5 ).

To keep the voltages of both the negative sequence and zero sequence being zero, the amplitude
of Iy (2,0) cannot exceed I(3 g)max- It is noted that if the amplitude of Iy, o) for any phase has the trend

of surpassing I(; g)max- it will be limited at this maximum, but in this case, the voltages may not be
maintained at 0.

max ‘Ik(z,o)‘ = I20)max (k=12a,b,c) (30)

Thus I;0)max can be seen as an indicator of the capability of the inverter to maintain the
voltage symmetry.

3.2. Current Modulus Limiters of Each Sequence

The equations in (28) and (30) can be satisfied by applying a modulus limiter to each of the
outer loops.

For (28), the three-phase current is symmetrical, so the model of the modulus limiter in Figure 7
can be used [24].

I

. (1)max of
Ly / Ly
— -y -
_ 2 2 iz = Lo COS
Lo = \/zd(l) Tien 0 J aw = A om COS Py
3 :
: ’ i =1 sin
— Py = ElI'CtElIl(lq(I)/ld(])) q(n (I)m Py NS
i

iq(l) q)

Figure 7. The positive sequence modulus limiter.

However, for (30), the balance regulating current I k(2,0) of each phase is unique and thus should
be calculated separately.

For the negative and zero sequence currents, after the Park transformation, the d-axis and g-axis
components are shown as (16) and (22) respectively.

Then make the phasor diagram of the negative and zero sequence currents as Figure 8. By
selecting the direction of Usa(l) as that of the x-axis, a Rectangular coordinate system is built, where
the x-axis and y-axis components of each phase can be obtained.
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Figure 8. Phasor diagram of the negative sequence and zero sequence currents in x-y frame.

In terms of the negative sequence, the components of the three phases are calculated according to
the Figure 8 and Park transformation results (16) and (22).

For phase A,
Lio)x = l2ymcos(@2 — o) = ig(p) (31)
L@y = Igmsin(02 — 1) = —iq()
For phase B,
Ty = [ymeos(92 — a1 + 5F) = —Lig) + Ligpz) (32)
Iy = lgmsin(@2 — a1 + &) = Pig) + 3iq0)
For phase C,
Lo2)x = L2)meos(@2 — o — F*) = —Jig(p) — ?iq(Z) (33)
Lo = Lovsi —oy — 2y = V3 1
@y = lomsin(e2 — oq — ) 5 ld(2) T 20q(2)

In (31), (32), and (33), L)x and Ik(Z)y (k = a, b, c) are the x-axis and y-axis components of the

negative sequence current of phase k, and ¢, the phase angle of I a(2)-
For the zero sequence current,

oy = Liomeos(@o = o) = iqo) (4
Loy = Loymsin(®o — o1) = ig(q)

(35)

where [ o), is the amplitude of I k(2,0); Pk(2,0) the included angle between I k(2,0) and the x-axis; I(g)x
and I(g), the x-axis and y-axis components of the zero sequence current.

The modulus limit for I k(2,0) can be achieved by the limiter in Figure 9.
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I (2,0)max I

; I 5

i / k(2,0m _ Kx_ i
e " o "l Inverse [ 4@
‘ [ k2.0 _|Redistribution |y, [transfor i’
lq(z) — ]k(Z.O) - Rcd;st:[u\_bl‘lrt]on kQ)yy, transtorm o Iq(Z)
; : tan e : i
a0y —» calculator Pu2) » components [(U)X > l;(g)
- ’

i an gy Lay i

Figure 9. The negative and zero sequence modulus limiter.

In Figure 9, ¢y 7) is the included angle between I k(2) and the x-axis, and ¢ g is that between I (0)
and the x-axis, which can be deduced by

taney (o) = Ix2)y/ L2)x

(36)
tan® o) = o)y /L0)x

To limit the amplitude of the balance regulating current without changing the phase angle,
the redistribution of the x-axis and y-axis components can be achieved by

Il/<(2)y/11/<(2)x =tanqy (o)
Iéo)y/léo)x = tang )
Loy + Ty = k(2,0)mCOSPk(2,0)
h@yy + oy = KkomsinPi20)

(37)

It is defined that

Li(2,0)mCOS Pk (2,0
B = K20 (38)
tan(p(o) - tan(pk(z)
The negative and zero sequence components output by the modulus limiter are

L)x = Br(tane(g) — taneyp))
Il/<(2)y - Bk(tan(p(o) - tanq’k(z,o))tampk(z)
liopx = Bi(tan@ypg) — tan@y(a)
IéO)y = Bi(taney(20) — tany ) )tane g

(39)

It is noted that (39) needs to be calculated for each of the three phases separately, and
the corresponding ié(z), i:] 2y ié(o) and i’ o) for each phase can be obtained through the inverse
transformation of (31)—(33). The minimum of them will be used as the new references to ensure that

each phase current does not exceed the limit value.

3.3. Combined Current-Limiting Method

The amplitude limit value for the positive sequence current is I(1)y,y, and that for the sum of the
negative and zero sequence currents is I( g)may, but the real constriction for the inverter output current
is the maximum phase current which is determined by the current-carrying capacity of the IGBT and
the saturation current of the output filter. Therefore, the real current limit should be modified as

’11((1) + 11((2) + 1(0)‘ < Imax

3 ’1(0)‘ o (k=a,b,c) (40)
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where Iax is the amplitude of the maximum phase current the DG can endure. The first condition
in (40) should be met by each of the three phases. The second condition can be easily satisfied by using
a modulus limiter next to the zero sequence outer loop.

If the priority is given to balancing the voltage over outputting power, the inverter needs to
maintain the voltage symmetry as possible as it can. Thus, I(; g)max should be set as Imax, and I(1)max
can be calculated graphically as shown in Figure 10, where the phase A is taken for example.

A

Y

e(1)

Figure 10. Method to get the maximum of the positive sequence current.

When P, and Q¢ are known, the phase angle A6 is determined. Thus

I a(1) ‘ can be calculated
with the cosine theorem.
Further, the maximum of the amplitude L) n (k=a, b, ¢) can be obtained by solving (41).

{ o = cos(Py(2,0) — ABk) (1)

2 2 _ 712
Ik(Z,O)m + Ik(l)max - 20dl<(2,0)mll<(l)max = [hax

where A0y is the phase angle of the positive sequence current of phase k, and the solutions of (41) are

Ik(l)max = O(Ik(Z,O)m + \/(“2 - 1)113(2,0)111 + Ir2nax (42)

As L2 0ym < Imax and ol p 0)m — \/ (o2 — 1)11%(2,0) -+ T3ax < 0, this solution can be excluded.

Therefore,

I(1)max = min {Ik(l)max} min {odk(zo n \/ ~ DB pm + Ignax}, (k=ab,c) (43)
Similarly, when outputting power is the first consideration, the limit value should be set by

I(l)max = Imax

I(Z,O)max = min {“Ik m T \/ -1) IZ m T Irznax} , (k=a,b,c)

(44)

The scheme above can provide a current-limiting method in the case that the phase currents
are not equal with each other in size. It can ensure that the current of any phase would not exceed
the limit. Meanwhile, according to the different functions of the inverter, the switch between output
power priority and balance voltage priority can be achieved flexibly. Furthermore, the scheme has
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self-adaptation capability. The limit values can be adjusted with the change of the load so that the
capacity of the inverter can be fully utilized.

4. Simulation and Analysis

To verify the effectiveness of the control strategy for the three-phase four-leg inverter and the
embedded current-limiting scheme, the simulation models are established in PSCAD/EMTDC, which
is shown in Figure 11.

System Feeder line load
= I -
| .
E v/ (4, Z,)

Figure 11. Distribution network with a three-phase four-leg inverter-based DG.

In Figure 11, the system power is equivalent to a 0.4 kV three-phase voltage source E and an
impedance Zs in series. Zs is set as 0.09 + j0.5 Q). The feeder line is equivalent to a PI section. The
positive sequence impedance of the feeder Z; is 0.412 + j0.0625 () and the zero sequence impedance of
the feeder Zj is 1.648 + j0.2501 (). The parameters of the DG model in Figure 11 are listed in Table 1.

Table 1. Parameters of the DG.

System Parameters Values PI Parameters Values

DC voltage 0.8kV Kip(1)/ Kiy(1) 0.1/0.01
system voltage 0.4kV Kop1)/ Korr) 3.0/0.001
rated power P/Q 50 kW /0 kVar Kip(2)/ Kiy(2) 0.25/0.015
filter inductance 4 mH Kop(2)/Kor(2) 2.5/0.002

filter capacitance 100 uF Kip(0)/ Kix(0) 2.0/0.12
Ln 1.5 mH Kop(0) /KoI(O) 5.0/0.005

The case studies are separated into two parts. The first part is done to verify the voltage-balancing
capability of the control strategy, and the second part is to verify the current-limiting scheme embedded
in the control strategy.

4.1. Verification of the Voltage-Balancing Capability of the Control Strategy

Voltage unbalance of the distribution network is mainly caused by load asymmetry, so
the impedance change of the load is applied to verify the voltage-balancing capability of the
control strategy.

Firstly, a tunable three-phase resistor R is used as the load in simulation. At the very beginning of
the simulation, R,, Ry, and R, are all set as 10 (). At 0.52 s in simulation, R, increases to 20 () and R,
decreases to 5 (). The voltage and current waveforms can be obtained through simulation.

In Figure 12a, there is a minor disturbance to the three-phase voltage when the resistances of the
load changes at 0.52 s, and the voltage regains symmetry quickly afterwards. By contrast, in Figure 12b,
the three-phase current becomes asymmetric after the load change. In Figure 12c,d, where the voltage
and current are decomposed into positive, negative, and zero sequence components, the negative
and zero sequence voltages disappear right after its occurrence at 0.52 s, while the corresponding
currents have been existing ever since this moment. This is an indication of the fast response of the
control system.
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Figure 12. Waveforms of the PCC voltage and output current: (a) Three-phase voltage; (b) Three-phase
current; (c) The positive, negative, and zero sequence voltages; (d) The positive, negative, and zero

sequence currents.

Besides the simulation with the resistive loads, simulations with inductive loads and
resistively-inductive loads are also carried out. At the very beginning of the simulation, the inductive
loads L, Ly, and L. are all set as 30 mH. At 0.52 s, L, grows to 60 mH and L. falls to 15 mH. The output
voltage and current performances in this case are shown in Figure 13a. The three phase resistances of
the resistively-inductive loads R,, Ry, and R are all set as 10 () while the inductance L,, Ly, and L
are set as 10 mH. At 0.52 s in simulation, R, grows to 20 (), L, grows to 20 mH, R. falls to 5 (3, and L.
falls to 5 mH. The simulation results of output voltages and currents are presented in Figure 13b.
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(b) Voltage and current with resistively-inductive loads

Figure 13. Waveforms of voltages and currents with inductive and resistively-inductive loads: (a) The
inductive loads change; (b) The resistively-inductive loads change.

As is shown in Figure 13, when the inductive and resistively-inductive loads change, the voltages
in both cases can transition to three-phase symmetrical conditions fast. The transition period with
inductive loads is slightly longer than that with resistively-inductive loads, but finally both of the

voltages can get symmetrical within 0.06 s.
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From the simulation results, it is concluded that the three-phase four-leg inverter with this control
strategy can ensure the output voltage balance.

4.2. Verification of the Current-Limiting Scheme

The current-limiting capability of the scheme has been tested in two cases—where a large reference
power is given and where a severely unbalanced load is applied. For the model in Figure 11, it is
assumed that R, is set as 10 (), R}, is set as 5 (), and R is set as 2 ). So the load is unbalanced. The
active power reference is set as 40 kW and the reactive power is 0. The amplitude limit of the phase
current is set as 0.2 kA. The current-limiting scheme is designed with the priority of voltage balance.

Case (1): The case is used to test the current-limiting capability while the current increase is
caused by the ascent of the output reference of inverter. In this case, the active power reference is
changed to 70 kW at 0.5 s, the external load condition keeps constant. The simulation results are shown
in Figure 14.

5 <
8 50'12 —A phase current 2 : 0.2 — “limit value of the current
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Figure 14. Simulation results of the case with the power reference changing: (a) The amplitudes of
the balance regulating currents; (b) The positive sequence current and its amplitude limit; (c) The
active power and reactive power outputted by the inverter; (d) The three-phase PCC voltage; (e) The
three-phase output current.

In Figure 14a, the amplitude of the sum of negative and zero sequence currents for each phase
is presented. When the active power reference changes to 70 kW, each of them increases slightly, but
they are still under the limit of 0.2 kA. Therefore, the PCC voltage in Figure 14d is still three-phase
symmetrical. Accordingly, in Figure 14b, the limit value of the positive sequence current has a slight
drop. To output more power, the positive sequence current rises before it is capped at the limit value.
Therefore, in Figure 14c, the active power output by the inverter fails to reach the reference, but finally
stops at around 58 kW. In a word, the output power is limited to ensure the current of each phase
will not go beyond the set limit. According to Figure 14e, the current of phase C is the largest whose
amplitude is limited at 0.2 kA.
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In case (1), the three phase currents are all no more than the limit and the three phase voltages
are symmetrical throughout. The increase of the output power reference only has a minor influence
on the negative and zero sequence currents through the slight variation of the voltage. Therefore, the
voltage-balancing capability can be ensured by the embedded current-limiting scheme with different
output reference.

Case (2): The case is used to test the current-limiting capability while the current increase is
caused by the deterioration of the external load asymmetry. At 0.5 s, the resistance of phase C changes
from 2 to 0.5 Q). The unbalanced load is introduced to show the adjusting process and performance
of the currents while the voltage unbalance rises beyond the capacity of control strategy under the
constraint of the current-limiting scheme. The simulation results are shown as Figure 15.
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Figure 15. Simulation results in the case with load changing: (a) The amplitudes of the balance
regulating currents; (b) The positive sequence current and its amplitude limit; (c) The active power

and reactive power output by the inverter; (d) The three-phase PCC voltage; (e) The three-phase
output current.

In Figure 15a, the amplitude of the sum of the negative and zero sequence currents in phase C has
reached the limit. The inverter is supposed to maintain voltage symmetry to its greatest capacity yet
fails to achieve the goal due to the severe asymmetry of the load. So in Figure 15d, the PCC voltage
cannot keep balanced after 0.5 s. Also, in Figure 15b, the limit value of the positive sequence current
drops to 0, which causes the positive sequence active power to fall to 0 in Figure 15c. According to
Figure 15d, it can be seen that the largest phase current appears in phase C, and it has an impulse to
exceed the amplitude limit of 0.2 kA, but finally stabilizes under the limit.

In case (2), with the asymmetry increasing, the inverter needs to output larger negative and zero
sequence currents to maintain voltage symmetry, which may cause the currents to exceed the limit.
As the priority of the current-limiting scheme is voltage balance, the negative and zero sequence
currents are preferentially output. So the positive sequence current drops to 0 to give way to the
negative and zero sequence currents in this case. The voltage finally becomes asymmetrical because
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the demand of the negative and zero sequence currents to maintain the voltage symmetry is beyond
the limit of the current-limiting scheme.

5. Conclusions

In the paper, a novel control strategy including an adaptive current-limiting scheme for
grid-connected three-phase four-leg inverter is proposed. It has the capability to dynamically adjust
the current limit of each sequence while keeping the output voltage symmetrical. The main features
are listed as follows:

1.  The independent control schemes for the positive, negative, and zero sequence in synchronous
rotating frame are realized based on the symmetrical component method. All three sequence
components are transformed into DC to make the PI controller applicative.

2. Through the coordinate transformation, all the DC components of the three sequence currents in
d-q frames are unified into one coordinate system. The current limiter is designed by calculating
the current reference of each sequence in this unified coordinate system.

3. The current-limiting scheme is adaptive to the output power reference and the loads asymmetry
condition. It can set the current limit of each sequence reasonably while giving full play to the
output capability of the inverter.
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