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Abstract — Three-phase AC-DC and DC-AC power converters have been extensively employed as grid-interfaces in various
applications, e.g., distributed generation and energy storage systems. In these applications, power converters should always
synchronize with the main grid so that active and/or reactive power can properly be regulated while maintaining desired
waveforms of grid currents. Grid synchronization necessitates accurate information of grid voltages, which is normally
obtained through phase-locked-loops (PLLs). However, the employment of PLLs may bring in stability concerns. Previous
research revealed that the inclusion of PLLs shapes the impedance of power converters into a negative resistance in the
quadrature-axis (g-axis), and this should be responsible for instability. To resolve the instability issue caused by PLLs, this
paper proposes an impedance controller for reshaping the g-axis impedance into a positive resistance in the low-frequency
band. Without any extra burden on system hardware, the proposed controller can easily be implemented by directly relating the
g-axis voltage to the g-axis current reference. As a result, the presented three-phase power conversion system can operate

stably even under a severely weak grid condition, which are verified by simulation and experimental results.
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NOMENCLATURE

Grid voltages in the abc-frame.

Point of common coupling (PCC) voltages in the abc-frame.

PCC voltages and their amplitudes in the dg0-frame.

Phase-locked-loop (PLL) voltages in the dgO-frame.

Converter voltages in the dgO-frame.

DC-link voltage and its amplitude.

Grid currents in the abc-frame.

Grid currents and their amplitudes in the dg0-frame.

PLL currents in the dgO-frame.

Grid current references in the dgO-frame.

Duty ratios in the abc-frame.

Converter inductance and grid inductance.

Semiconductor switches.

Power rating of the power converter.

Fundamental frequency and angular frequency.

Sampling frequency, angular frequency, and time.

Switching frequency, angular frequency, and time.

Grid frequency, angular frequency, and phase-angle.

PLL frequency, angular frequency, and phase-angle.

Transformation matrices between the abc-frame and af0-frame.
Transformation matrices between the af0-frame and dgO-frame.
Transformation matrices between the abc-frame and dgO-frame.
Transformation matrices between the plant dgO-frame and PLL dg0-frame.
Current regulator and its proportional gain and integrator and its integral gain.
PLL controller and its proportional and integral gain.

Impedance controller and its proportional gain.

Converter impedance and grid impedance.

Open-loop and closed-loop transfer functions of the PLL controller.
Transfer function of the system plant.

Closed-loop transfer functions of current control and voltage disturbance.

Ggq_ci(z) contributed by the PLL, system plant, and impedance controller.
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I. INTRODUCTION

Three-phase AC-DC and DC-AC voltage-source converters have found widespread applications in the fields covering from
distributed generation to energy storage systems [1, 2]. When serving as grid-interfaces, power converters should preferably
enable active and/or reactive power regulations, AC current tracking, and DC-link voltage control if necessary. To achieve
such objectives, grid-connected converters can properly be controlled with various control schemes. Such control schemes can
generally be divided into two categories, i.e., synchronous dgO-frame control and stationary af0-frame control, according to
the frame where current and voltage signals are oriented [3]. When implemented in the synchronous dgO-frame, simple
proportional-integral (PI) controllers allow accurate AC current tracking with zero steady-state errors, and this is because
sinusoidal signals have already been mapped into their magnitudes through the well-established abc to dg0 transformation [4].

Regardless of control schemes, the fundamental principle lies in regulating the grid-connected converter as a controllable
three-phase AC voltage source, and hence, the output currents are subsequently determined by the voltage difference between
the AC voltage source and power grid as well as the interconnected impedance, including both the filter impedance and grid
impedance. Therefore, effective regulations of AC currents necessitate information of the interconnected impedance and/or
grid voltage. Under a weak grid condition, it is difficult to acquire the exact value of the grid impedance, particularly for the
case of multiple converters running in parallel, where the equivalent grid impedance would be in proportion to the number of
converters [5, 6]. Therefore, it is quite necessary to employ phase-locked-loops (PLLs), from which the information of grid
voltages can readily be obtained. Although removing PLLs from converter control could be possible, as suggested by [7], it
requires the information of the grid impedance, and thus, may not always be feasible. However, PLLs may bring in stability
concerns. Without proper designs, PLLs will cause three-phase grid-connected converters to oscillate in a low-frequency band
[8, 9].

Mechanisms for the system instability introduced by PLLs can be explained by the well-known impedance criterion. More
than 40 years ago, the concept of the impedance criterion was first proposed by Middlebrook to assess the stability of DC-DC
converters by comparing the small-signal impedances of converters and filters [10]. Since then, this approach has received
widespread attentions [11, 12]. By using the impedance criterion, it was found that constant power loads may introduce
instability issues, because their impedances are essentially negative resistances in the low-frequency band [12]. Besides being
applied to DC systems, the impedance criterion was later transplanted into AC systems [13—15]. However, being different from
DC systems, operating points of AC systems vary continuously following a sinusoidal pattern, and thus, making it difficult to

derive the impedance of grid-connected power converters. Fortunately, as mentioned before, sinusoidal voltage/current signals
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become constants in the synchronous dgO-frame. Therefore, it is possible to derive the d- and g-axis small-signal impedances
of power converters, based on which system stability can further be evaluated. As a milestone, the complete mathematical
model of grid-connected converters covering current control, voltage control, and the PLL was constructed in [16]. Given the
mathematical model, the dg-frame admittance matrix, which equals the inverse of the dg-frame impedance matrix, was further
derived in [16]. However, the calculation delay introduced by digital control was excluded when deriving the admittance
matrix, and hence, its accuracy would be compromised. Focusing on the model of PLLs, Dong et al. detailed the dynamics of
grid synchronization and explored the mechanisms for frequency instability under various grid and load conditions [8].
Nevertheless, the PLL model built in [8] was nonlinear by nature, which would unavoidably complicate current control.
Alternatively, a linear model of the PLL was employed to evaluate the PLL effect in [17]. Moreover, it was revealed that the
employment of PLLs modifies the g-axis impedance of grid-connected converters. Specifically, the g-axis impedance becomes
a negative resistance in the low-frequency band [17]. Similar conclusions can be drawn from Fig. 10 presented in [18], where
system and control parameters were expressed in per unit forms. Consequently, the interaction between the grid-connected
converter and grid impedance, particularly under a weak grid condition, may lead to oscillations in the g-axis, which pose
threats to the system stability.

To address the instability issue introduced by PLLs, various solutions have been proposed. Among these solutions,
modifying the PLL design is found to be simple and straightforward. As commented by [17] and [18], the negative resistance
property of the g-axis impedance should be responsible for instability. Since the range of the negative resistance shrinks as the
PLL bandwidth reduces, stability improvement can easily be achieved by reducing the PLL bandwidth [9, 16]. However, this
solution is essentially a trade-off between the system stability and PLL dynamics. Instead, Alawasa et al. proposed two
interesting methods for stability improvement through impedance reshaping in [18] and [19], respectively. The first one was
implemented by inserting a notch filter into the PLL control-loop [18]. With such a notch filter, the g-axis impedance can be
reshaped, resulting in an enlarged positive resistance region. However, the approach only provides moderate enhancement on
the system stability at the expense of PLL dynamics. The second approach aims to damp the torsional oscillations of the
synchronous generator by reshaping the impedance of a nearby power converter. It was achieved by feedforwarding both the d-
and g-axis grid voltages to the corresponding current references through bandpass filters [19]. Band-pass filters were involved
to maintain the d-axis or active current unchanged in the steady state. As a result, the impedance of the power converter may
only be reshaped at certain predetermined frequencies. However, the system instability caused by PLLs may occur in the entire

low-frequency band, and hence, this approach cannot address the instability concern.
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In this paper, an impedance controller directly linking the g-axis voltage to the g-axis current reference has been proposed. It
allows improvement of the system stability by reshaping the g-axis impedance of grid-connected converters into a positive
resistance in the low-frequency band. This paper is organized as follows: Section II begins with the derivation of the
mathematical models of the system plant and controller. In Section III, the system stability is assessed based on the derived
small-signal impedance. Section IV concentrates on the proposed control scheme for stability improvement. Simulation and

experimental verifications are presented in Section V. Finally, Section VI concludes the major contribution of this paper.

II. SYSTEM CONFIGURATION AND MODELLING

A. System Configuration

For illustration, a three-phase grid-connected converter, together with its dg0-frame current control, is presented in Fig. 1,
where the DC-link is fed by a DC power supply. Here, the power grid is modelled as an ideal voltage source connected in
series with grid inductors, and the relevant equivalent-series-resistances (ESRs) are intentionally ignored giving the worst
stability case. It should be noted that the grid voltages across the point of common coupling (PCC), denoted as v, (x = a, b, ¢),

instead of v (x = a, b, ¢), are sensed by voltage sensors, and then synchronized through a phase-locked-loop (PLL).

I Ver(x=a, b, ¢) System schematic :
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Fig. 1. System schematic and control scheme of a three-phase grid-connected voltage source converter.

B. System Plant Modelling

The mathematical models of the system plant and controller, including the PLL effect, should be obtained, before deriving

the small-signal impedance of grid-connected converters. From Fig. 1, the following equations can easily be derived:
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di (1)
Van (1= Vea ®+L, T+vN,N ()
VBN(t)=vgb(t)+LCM+vN.N(t). (1)
‘ dt
di (1)

VCLN(I) =vg£(t)+LCT+vN,N(t)

Transformations from the abc-frame to the dgO-frame take various forms and, in general, involve two-steps. The first step
transforms signals from the abc-frame to the stationary af0-frame, where the a-axis normally aligns the a-axis [4]. The second
transformation allows signals to be expressed in the synchronous dg0-frame. Among such transformations, the implementation
mapping a standard cosine signal in the a-axis to a constant in the d-axis has been widely accepted, and hence, it is adopted in

this paper. As a result, the abc to dq transformation matrix can be expressed as:

- _r T N cosd(t) cos[@(t)—2x/3] cos[O(t)+2x/3] @)
daabe  Tdalep Taplabe T\ Gin 0(r)  —sin[0(t)—27/3] —sin[0(t)+27/3] |
where
201 —=1/2  —=1/2 cos@(t) sinb(r)
T(z,/f/uhc =7 7qu/aﬁ = . s (3)
310 3/2 =372 —sin@(1) cosO(r)

where 6(f) = wt denotes the phase-angle of v, Note that signals in the 0-axis can be ignored here when performing current
control as they are always equal to zero for balanced systems. Through transferring the signals in the abc-frame into the dg0-

frame by (2), it is possible to reorganize (1) as follows:

v, (O =v,O+L, — oL, (t) ~ “ar _{ 0 w}{im (t)} R L {vﬂ, (l)} . L {vgd (I)} @
d. d - _ . _ k]
v o=y o+L 29D opi @ | %) e 0l O 1o Lila®] | ZLMW®
! “ dt dt L L

where v.q(f) and ve,(f) represent the converter output voltages. The right-hand-side of (4) provides a state-space description of

the system plant. Its corresponding discrete expression can be derived following the linear system theory [20], as described by

5):
sin T, —cos T, +1 0
i, (k+1) coswl, sinal, || i, k) Lo Ve (k) =v,, (k) )
= + ( ’
i,(k+1) | |=sinol, cosal, ||i,(k) 0 sin@T, +cosol, -1 || v, (k)—v,, (k)
Lo

where T represents the sampling frequency. The block diagram representation of the discrete system plant is depicted in Fig. 2,

where the coupling components between the d-axis and g-axis are introduced by the abc to dg transformation.
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Fig. 2. Block diagram representation of the discrete system plant.

C. PLL Modelling

The information of grid voltages is necessary for grid-connected converters to be properly regulated. The objective of
phase-angle extraction is always achieved by PLLs. For illustration, Fig. 3 presents the block diagram of a commonly-used
PLL, where K,i(z) denotes the PLL controller. Normally, K,;(z) is implemented as a proportional-integral (PI) controller with

Kou(z) = Kpu_p + Kpu_i Ki(z), where Ki(z) = 0.5Ts(z+ 1) / (z — 1) represents the discrete integrator.

{ ____________ PLL I
| Vaa vgn' pll :
| Ve | abc e fUnl 1
| Vg Veg_pll — £y Opir |
s g T o e RN
1 I
1 I
I |

Fig. 3. Block diagram representation of the PLL.

The small-signal transfer function from v, ,i(z) to 8,u(z) can readily be derived from Fig. 3 and expressed as:

A8, (2)

G, ,(2)=
Pl _ol Ang_pu )

=K, (2)-K,(2) ©)

Although the abc to dg transformation shown in Fig. 3 takes the same form as that described by (2), it should be highlighted
that the phase-angle locked by the PLL, i.e., 8,(f) involved in the transformation matrix in Fig. 3, would be different from the
phase-angle of the grid voltage 9(¢) during system dynamics. Upon reaching steady-state, 6,,(¢) and 6(¢) share the same value.
To account for the difference between 6,;(f) and O(f) as well as evaluate its effect on current control, two additional

transformation matrices are defined as:

T

dq_pllldg —

B cos[@,,(1)—0@)]  sin[,,(1)—O(1)] B L cos[@,,(t)—0(t)] —sin[,, (1) —O(1)] o
—sin[@,,(1)—0(1)] cos[@,, (1) —O()] ||~ “/-r" —d-rtii 1 sin[0 (1) —O(1)]  cos[,, () —OMN] |
where Tay piia, manages to transform signals from the plant dg-frame to the PLL dg-frame while Tyg44 pu Serves to implement

the opposite purpose. It is quite clear by relating (7) to (3) that Tuy piag and Tayep share the same form except for their phase-
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angles. This is because 6,;(7) leads 6(¢) by an angle of 8,,(f) — 6(¢) simply mirrors the fact that the d-axis leads the a-axis by an

angle of 6(). Ignoring the high-order terms, (7) can further be linearized and simplified into:

T _ 1 AHI,” (I) T _ T 1 1 _AHI;[[ (t) 8
dg_pllldg — —AO ; (t) 1 >dgldg_pll — Tdq_pllldg T AO (t) 1 > ( )
P

pll
where AB,u(t) = O,u(t) — 6(¢) represents the small-signal deviation of 0,;(f). Actually, the simplification of (7) as (8) allows the
PLL model to be linear. Otherwise, the system may become nonlinear and much more complicated. In practice, 8,,() and 6(t)
are always equal in the steady-state for stable systems. Therefore, the linearized small-signal model can be used for stability
analysis and controller design. With the help of (8), linear transformations between the plant dg-frame and PLL dg-frame are

possible. For instance, the relationships between the voltage signals in these two frames can be represented as:
Ved it (1) B 1 AHPH () Ve (1) - Avgdip,,(z) B Avgd(z) ©)

Voo (1) =A0,,(1) 1 Ve, (1) Av,, u(2) -A0,,(2)V,, +Av,, (2) '
The right-hand-side of (9) is satisfied due to ve(f) = Vg and v, () = 0. When Avgq pi(z) in (6) is replaced by its alternative

expression in (9), the closed-loop transfer function from Avg,(z) to AB,(z) can be derived as:

Aepll(z) _ Gpll_ol(z)
Avgq (z) 1+ Gpll?ol (z)ng

Gp117c1(z) = (10)

Equations (8) and (10) clearly demonstrate the effect of the PLL, which formulates a path for spreading the disturbance in
Veq(2) through A6,i(z) into the current controller, as it will be detailed in the next subsection.

D. Current Controller Modelling

Referring to Fig. 1, there exist one abc to dg transformation for inductor current measurements and another dg to abc
transformation for reference update, and these transformations will inevitably be influenced by the PLL. To quantify this effect,
the relationships between the measured current signals in the PLL dg-frame and those in the plant dg-frame can be derived

based on (8) as:

{Aicd_pl, (z)} _ { A, (2)+A6,, ()1, an

Al u(2) A0, ()1, +Ai,(2) ’

where I.; and I, denote the amplitudes of i.4(f) and i.(f), respectively. For unity power factor operations, I, = 0 is to be
expected. Under this circumstance, only the g-axis current measurement is influenced by the PLL, and this effect can be

quantified by adding an extra term —A6&,u(z)lca to icy(z). Additionally, as already mentioned, the duty ratios, together with the
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converter output voltages, should be inversely transformed from the PLL dg-frame to the plant dg-frame before being updated.

The associated transformation is:

Avcd?pll (Z)

Avcd(z) _
Av, ()| A0,V +4v, (D) |

(12)

Fig. 4 illustrates the discrete block diagram representation of the current controller including the PLL effect, where z!

models the time-delay introduced by duty ratio calculation [21], and K.(z) represents the current regulator. Similar to K,u(z),

K.(2) = K. , + K. ; Ki(z) is also implemented as a PI controller.

Current controller

A6,(2)

Vggl2) = g pilZ

d Yt e
e cq ref\- ¥
"c'q(:) T +L<- 24

Fig. 4. Block diagram representation of the current controller.
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III. IMPEDANCE DERIVATION AND STABILITY ANALYSIS

A. Impedance Derivation

The aforementioned analysis indicates that the major influence of the PLL on current control is reflected in the g-axis.

Therefore, this subsection will mainly focus on the g-axis impedance derivation. For simplification, the coupling-effect

between the d-axis and g-axis is ignored. This is satisfied only when I, = 0 and @,/ @ >> 1, where w, = 2n / T; = 2xf; stands

for the sampling angular frequency. Fig. 5 presents the overall structure of the g-axis current control, where Gpun(z) denotes

the simplified system plant, which can be derived as the following equation after substituting cosw 7y = 1 and sinw7y = w7, = 0

into (5):

AGpiz)

I

I :

| #
| .

i + i
= )

| v(-q(:

Fig. 5. Overall structure of the g-axis current control.

~—

13)

From Fig. 5, the transfer functions Gicy_ci(2) = icg(2) / icq_ref (z) and Gy _ci(z) = icq(z) / ve4(z) can readily be derived as:
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i, K.(27'G,,(2)

Gy a(d)=—" = = ; (14)
o l(‘qiref(z) 1+KL<Z)Z le[am(Z)
-1 i, (2)
Gv' _cl (Z) = = . = Gv _pll (Z) + Gv _ plant (Z)
89 qu (Z) ng (Z) 84 _ D! 84 _ P!
— Gpllicl (Z)ngzilelant (Z) + Gp[lf(‘l (Z)ch Kc (Z)Z71G111m1t (Z) + _Gplam (Z) (15)
1+KC(Z)Z_1Gplam(Z) 1+KC(Z)Z_IGplam(Z)

_Gplant (Z)

=G, .G, .V, K(D)+GCG,, (DI, ]+ ,
uqid( )[ pllicl( ) gd ( ) pll _ l( ) d] 1+KC(Z)Z71GPI‘””(Z)

where Z,,(z) denotes the g-axis impedance of the grid-connected converter and Gygg pi(z) and Ggq piani(z) are respectively
contributed by the PLL and system plant.

Using the system and control parameter values listed in TABLE I, the Bode diagrams of Gicq i(z) and Z,(z) are plotted in
Fig. 6. As observed from Fig. 6(a), Gicq c(z) exhibits a unity gain and zero phase-shift, namely Gicq ci(z) = 1, in the low-
frequency band, thereby proving the effectiveness of current control in reference tracking. Although both the proportional gain
K. , and integral gain K. ; of the current regulator have their respective impact on current tracking performances, the Bode
diagram of Gicq_ci(z) depicted in Fig. 6(a) is mainly affected by K. ,. Along with the increase of K. ,is a wider band with flat
frequency-response and a resonant peak, which makes current tracking sensitive to high-frequency noises. In contrast, Fig. 6(b)
clearly shows that the PLL design can influence Z,(z), and this is in consistence with (15). Similarly, the proportional gain
rather than the integral gain plays a dominant role on shaping Z,(z). As shown in Fig. 6(b), Z,(z) becomes a negative
resistance with a phase of —180 degrees in the low-frequency band, and the increase of K, , will enlarge this range.

Table 1. System and control parameter values.

Description System parameter Description Control parameter
Symbol Value Symbol Value
DC-link voltage Vede 250 V PLL proportional gain Ko p 15
Filter inductor L. 2 mH PLL integral gain Kpii 300
Grid voltage amplitude Vea 100 V Regulator proportional gain K., 15
Grid inductor L, 10 mH Regulator integral gain K.: 300
Power rating 12 0.60 kW Current reference of d-axis Ut i 40A
Sampling frequency f 10 kHz Current reference of g-axis icq_ref 0A
Switching frequency i 10 kHz Impedance control gain Ky -0.1

B. Stability Analysis

This subsection will evaluate the system stability by using the well-known impedance criterion [10, 22]. When the grid-

connected converter is represented as its impedance Zy(z), the g-axis component of the grid current i.,(z) can be expressed as:

10
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Fig. 6. Bode diagrams of Gic, ci(z) and Zy(z).

v, v @/Z,(2)
Z,@+2,(2) Z, )/ Z, @)+

i,(2)=

(16)

where Z,(z) = L, (z — 1) / Ts denotes the grid impedance. Under the assumptions that 1) Z,,(z) is internally stable and 2) all the

zeros of Zy(z) are inside the unit-circle, the system will be stable if and only if the phase difference between Zg,(z) and Z,(z)

is less than 180° when |Zy(2)| = |Z44(2)| [10]. In other words, the condition that |Ze(z) / Zy(z)] < 0 dB at all the +180°

crossings guarantees the system stability. Fig. 7 visualizes the stable and unstable cases under variable K,; , and L,. As

illustrated, the increase of K,i , or L, will gradually destabilize the system, thereby indicating that the instability of grid-

connected

Magnitude (dB)

Phase (deg)

converters may be caused by the improper PLL design or large gird-impedance.
40 o 40 B
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Fig. 7. Bode diagrams of Zg(z) / Zyy(2).

11
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IV. PROPOSED CONTROL SCHEME FOR STABILITY IMPROVEMENT

A. Fundamental Principle

The analysis provided in the previous section, together with the results presented in [17, 18], has reached the conclusion that
the increase of K,; , will negatively impact the system stability due to the enlarged negative resistance region of Z,,(z), as
shown in Fig. 6(b). Therefore, it is highly desirable if Z,,(z) can be reshaped as a positive resistance in the low-frequency band.
Taking a close look at Fig. 6(a), it can be found that G, «(z) serves as a positive resistance with a unity gain in the low-
frequency band. This finding further indicates that the objective of reshaping Z,(z) as a positive resistance may be possible
through the superposition of Gic (z) and G, (z). This can easily be achieved in the g-axis by adopting the proposed
impedance controller, which directly links the grid voltage v4(z) to the current reference i, r.f (z) by a transfer function Ky (z),

as illustrated in Fig. 8. When equipped with K(z), (15) should be reorganized as:

-1
Gvgqffl (@)= Z, (2) B G"gqull (2)+ Gvgquqf (2)+ Gvgq,plam (2)
a4 17)
_Gplanl (Z)

1 + Kc (Z)Zilelunt (Z) |

G,-C(]J»l (Z)[G,,IIJ-[ (Z)ng / K(; (Z) + GpllJl (Z)ch ] + Gicq,cl (Z)KQf (Z) +

where Gy kqf (2) = Gicq_c1 (2)Kyr(2) is introduced by the proposed impedance controller. In the low-frequency band, Ggq xqr (2)
~ Ky (z) is satisfied due to Gicg 1 (z) = 1. Therefore, implementing K, (z) as a proportional controller with a gain of K, will
introduce a positive resistance, which helps to reshape Gyg, i (2). It should be mentioned that the value of K, must be negative.
Referring to the directions of vy (x = a, b, ¢) and i (x = a, b, ¢) shown in Fig. 1, only negative values of K, will formulate a

positive impedance in the g-axis.

Lq(

Fig. 8. Principle of the proposed control scheme.

B. Design of the Proposed Controller

Ideally, the proposed controller should cancel out the negative effect introduced by the PLL. Mathematically, this objective

can be translated into the following equation based on (17):
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Gvgq_pll (Z) + Gvgq_qu (Z) = 0 = Gpll_cl (Z)ng / KC (Z) + Gpll_cl (Z)ch + qu (Z) = 0 (18)

When (18) is satisfied, the PLL will not introduce any instability issue. An alternative expression of (18) describes the

desired impedance controller:

K .(2)=-G YVu_ 19
qf(Z)__ pqu(Z) K (2) o | (19)

c

In the low-frequency band, K, (z) can be simplified into a proportional gain Ky considering the fact that Gpy 1 (2) = 1/ Vea
and 1/ K. (2)= 1/ K. p:

1 I
K, =—(——+=1), 20
g (K ng) 20)

c_p
According to TABLE I, K4~ —0.1 can be derived, and the Bode diagrams of K, (z) and K, are illustrated in Fig. 9. As seen,
K= —0.1 provides a good approximation of Ky (z) in the low-frequency band. Implementation of K, (z) as a proportional gain

is simple and straightforward. Moreover, it can easily be designed under various scenarios based on (20).

-15
Il
25 ¢
=30
351 Ky=-01—
A —EgfE) |
-45 '
370 |
1] S ——
90 I e -~
d .
90 1
-180¢
2705 0’ ) 7
i i 10 10
Frequency (Hz)

Magnitude (dB)

Phase (deg)

Fig. 9. Bode diagrams of K, (z) and K= —0.1.

C. Stability Improvement

The effect of K, on reshaping Z,,(z) can clearly be observed from Fig. 10(a). It is obvious that the phase of Z,(z) is shifted
to be around 0 degree in the low-frequency band as expected. In this case, the modified Z,,(z) behaves like a positive resistance,
which certainly contributes to system stability improvement. This conclusion can also be verified by the Bode diagram of Zg(z)
! Z44(z) shown in Fig. 10(b), where the system stability is always preserved regardless of the values of Ky .

Fig. 11 presents the Bode diagrams of Z,,(z) and Z,(z) / Z,(2) versus Ky As noticed, the expense of the increase of K is

the reduction of |Z,(z)|, which makes the g-axis current control more sensitive to grid voltage disturbances, and hence, may
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limit the selection of K. To further demonstrate the role of K, on stabilizing the system, the root loci of Zy(z) / Zy(z) are

shown in Fig. 12. It is clear that the closed-loop poles are gradually shifted inside the unity circle as K,rincreases.
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=)

10 20 Stable
0 -40 !
450 180

?1)360 [ K,;HJ;ZS -

2)
e
S

i
1
.‘

o b T 3 .
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B 0 prereses A -180 Ky p= 25+

90 5 ) 3 4 -270L ; 3 4
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(a) Zgg(2) (b) Zgo(2) | Zgg(2)

Fig. 10. Bode diagrams of Z,,(z) and Zyy(z) / Z44(z) with K, , =5, 15, and 25 and the proposed control K, =—0.1.
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Fig. 11. Bode diagrams of Z,,(z) and Zg,(z) / Z44(z) with K,i; , = 15 and the proposed control K,,=—0.01,—0.1, and —1.

D. Influence of the PLL Filter

Low-pass filters (LPFs), such as moving average filters, are normally incorporated in PLLs to achieve effective rejection of
high-frequency noises [23]. When inserting a first-order LPF with a cut-off frequency of 1000 rad/s into the PLL control-loop,
the system stability deteriorates, as it can be verified by the Bode diagram of Z,(z) / Z,,(z) shown in Fig. 13(a), where the
previous marginally stable case becomes unstable. Fortunately, Fig. 13(b) confirms that the proposed control scheme will

stabilize the system even when the PLL filter is included.
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Fig. 12. Root loci of Z,(z) / Z44(z) with K , =5, 15, and 25.
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Fig. 13. Bode diagrams of Z,(z) / Z,(z) including the PLL filter.

It should be mentioned that the technique of feedforwarding the grid voltage has been widely used to achieve dynamic
performances enhancement, grid harmonics rejection, and/or inrush current suppression [24, 25]. Being different from these
purposes, the objective of the proposed control scheme lies in resolving the instability issue introduced by the interaction
between the grid-connected converter and grid impedance. Moreover, this control scheme only influences and reshapes the g-
axis impedance without any detrimental effects on normal current control. In [19], both the d- and g-axis voltages were fed
forward to the current references through bandpass filters. The reason of using bandpass filters instead of proportional gains is

that the d-axis voltage is a nonzero constant given by veu(f) = Vg, and therefore, i.«(f) would only be modified during system
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dynamics rather than in the steady state. As a result, the converter impedance may only be reshaped at certain predetermined
frequencies. However, in practice, it would be difficult to accurately predict the £180 degrees crossing frequencies introduced
by the interaction between the power grid and converter. Therefore, the method presented in [19] cannot be applied here to
solve the instability issue. In contrast, the proposed control scheme provides a simple yet reliable means to improving the

stability of grid-connected conversion systems.
V. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Simulation Results

To validate the effectiveness of the proposed control scheme, the simulation model of the grid-connected converter depicted
in Fig. 1 was developed under the Matlab/Simulink environment, and the relevant system and control parameter values can be
found in TABLE 1. The grid-connected converter under test was designed to be unstable without the proposed impedance

controller. The simulation waveforms of its grid currents i.x (x = a, b, ¢) and g-axis PLL voltage vg, ,u are presented in Fig. 14.
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(b) Zoom-in view
Fig. 14. Simulation results of the three-phase grid-connected converter.
As mentioned before and verified by Fig. 14, the activation of the proposed control scheme, e.g., letting K, = —0.1, would

resolve the instability issue and allow the system to be stable. After disabling the proposed controller, the system becomes
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unstable. Moreover, the large magnitude of vg, ,i indicates that the PLL should be responsible for the system instability. As
observed from Fig. 14(b), the waveforms of i.. (x = a, b, c) become sinusoidal and the magnitude of vg, ,i can successfully be
restricted with the proposed controller enabled.

Reducing the control bandwidth of the PLL, i.e., the proportional gain K, ,, could be another possible solution to the
instability issue, because the system instability encountered here is mainly caused by PLL designs. However, this solution may
be subject to two problems. The first one is that the negative resistance range shown in Fig. 6(b) may only be narrowed instead
of being eliminated as K,y , reduces. Therefore, it is difficult to avoid the system instability issue under the case of severely
weak grid or multiple-paralleled grid-connected converters, where a very large grid impedance would be expected [5, 6]. In
contrast, the proposed control scheme reshapes Z,, as a positive resistance (see Fig. 10(a)), which theoretically eliminate the
system instability introduced by the interaction between Z,, and Zy,.

The second problem may well be explained by the simulated waveforms of vy, i during system start-up, as shown in Fig.
15. It is obvious that the case with the small PLL proportional gain, namely K, , = 1, experiences large deviations and slow
dynamics during system start-up. Therefore, the reduction of the PLL bandwidth is a trade-off between the system stability and
dynamic performances. In this sense, the proposed control scheme is obviously superior as it preserves the system stability
without any sacrifice of PLL designs.
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Fig. 15. Simulation results of v,, during system start-up with different PLL designs.
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B. Experimental Results

To further validate the correctness of simulation results, experiments were carried out based on the system schematic
diagram shown in Fig. 1 under the simulated testing condition. A DC power supply (Itehc: IT6500C) feeding the three-phase
grid-connected converter was employed while the high-quality power grid was emulated by a three-phase uninterruptable
power supply (UPS). Three inductors were intentionally inserted between the AC outputs of the grid-connected converter and
UPS, thereby representing a severely weak grid condition. The control algorithms were executed on a dSPACE controller
(Microlabbox), and an oscilloscope (TELEDYNE LECROY: HDO8038) was used to capture the experimental waveforms.

Fig. 16 presents the experimental results of the three-phase grid-connected converter. When activating the proposed control
scheme, the system becomes stable, as it can be seen from Fig. 16(b). Similar to the simulation results provided in Fig. 14, the

grid currents become unstable after disabling the proposed controller, which is in consistence with theoretical analysis.
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Fig. 16. Experimental results of the three-phase grid-connected converter.
Fig. 17 illustrates the experimental results of vy, i during system start-up when different PLL designs are involved. As

verified, the PLL with a low proportional gain, i.e., K, , = 1, undergoes slower system dynamics and more oscillations as
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compared with the case of K,; , = 15. Fig. 15 and Fig. 17 clearly illustrate that simply reducing the PLL bandwidth would
deteriorate PLL dynamics.
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Fig. 17. Experimental results of v, i during system start-up with different PLL designs.

VI. CONCLUSION

The employment of PLLs shapes the g-axis impedance of three-phase grid-connected converters into a negative resistance
in the low-frequency band, which poses threat to the system stability under weak grid conditions. For properly designed current
controllers, the transfer function from the current reference to the output current behaves like a positive resistance in the low-
frequency band. Inspired by this idea, an impedance controller, which directly relates the g-axis voltage to the g-axis current
reference, has been proposed in this paper to reshape the g-axis impedance of power converters into a positive resistance in the
low-frequency band. Consequently, the proposed method successfully resolves the instability issue caused by PLL designs
even under a severely weak power grid. Simulation and experimental results indicate the effectiveness of the proposed control

scheme.
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