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Abstract: This paper presents a single stage phase locked loop-less (PLL-less) active and reactive power
(PQ) control for single-phase weak grid interactive inverters. The absence of the PLL requirement in the
proposed PQ control enhances the stability margin comparing to conventional current control approaches
in both the stationary or the synchronous reference frame. Additionally, the proposed control scheme
enables direct PQ control with a single loop control structure. This paper demonstrates that the proposed
PLL-less PQ control scheme is asymptotically stable if the controller gains are positive. The necessary
conditions for supplying the rated active power into the weak grid are derived. The provided analysis
shows that certain amount of reactive power injection is necessary to avoid point of common coupling
(PCC) voltage collapse when the rated active power is injected into the weak grid. Several case studies
are provided to demonstrate the performance of the proposed PLL-less PQ control scheme under weak

grid condition.
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1. INTRODUCTION

Single-phase grid-connected inverter are utilized in numerous
applications such as renewable energy, electric vehicle
charging, HVDC transmission systems, flexible alternative
current transmission systems, etc. (Khan et al., 2019; Kjaer et
al., 2005). Conventionally, grid-connected inverters are
controlled to mimic a current source that is injecting current
into the utility grid according to the desired PQ operation set-
point (Lamb & Mirafzal, 2016). In addition, grid-connected
inverters also play a crucial role in supporting the utility grid
(Zhang et al., 2020). For instance, grid-connection codes and
standards are mandating grid interactive inverters to perform
ancillary services such as power factor correction, frequency
and voltage support, harmonics and unbalance compensation,
power reserved control, and continuous power generation,
etc. (IEEE, 2009; Khan et al., 2020; VDE, 2010).

One of the essential parts of the conventional current control
for grid-connected inverters that ensures synchronization is
the PLL (Blaabjerg et al., 2006; Sadeque et al., 2020; Zhong
& Boroyevich, 2016). Recent literature revealed that PLL
influences the small-signal stability of grid-connected
inverters (Gui et al., 2019; Zhong, 2016; Zhong et al., 2016;
Zhong et al., 2014). Specifically, a negative admittance
increment is observed at the low range of the frequency
spectrum (Farrokhabadi et al., 2019; Wen et al., 2016).
According to (Wang et al., 2018), the range of this negative
admittance is linked to the bandwidth of the PLL and it has
been revealed that a low bandwidth PLL will guarantee
control robustness. However, a low bandwidth PLL sacrifices
the dynamic performance of the grid-connected inverter.
Even though, with a properly designed low bandwidth PLL,
enforcing the grid-connected inverter to remain stable under
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weak grid conditions is challenging. Hence, providing a
control approach for grid-connected inverter without a PLL
requirement (i.e. PLL-less) enhances the stability of an
inverter interacting with a weak grid (Konstantopoulos et al.,
2016).

This paper proposes a single stage decoupled PLL-less PQ
control for single-phase grid-connected inverters. The
proposed controller’s single stage structure reduces the effort
in tuning the controller’s gains compared to the conventional
dual loop cascaded current control methodology (Gui et al.,
2017; Hosseinzadehtaher et al., 2019). The proposed control
approach enables PCC current synchronization without the
utilization of a PLL. Hence, avoiding instabilities that might
arise due to PLL controller’s non-linear nature and weak
grid’s large line impedance negative influence on the PCC
voltage (Khan & Blaabjerg, 2018; Umar et al., 2020).
Moreover, to supply the rated active power into the weak grid
with the proposed PLL-less PQ control; the necessary amount
of the reactive power injection is derived in this paper. This
amount of the reactive power avoids PCC voltage collapse.

The remainder of the paper is organized as follows: Section 2
presents the mathematical model and derivation of the
proposed single loop PLL-less PQ control for a single-phase
grid-connected inverter. Then, section 3 discusses about weak
grid considerations and PCC voltage collapse avoidance.
Results and discussion of the paper findings are presented in
section 4. Finally, section 5 concludes the paper.

2. SINGLE PHASE GRID-CONNECTED INVERTER
MODELING AND CONTROLLER DESIGN

Consider the single-phase inverter that is connected to a weak
grid in Fig. 1. The active power (P) and reactive power (Q)
injected into the grid can be measured by utilizing the second
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Fig. 1. Proposed single loop PLL-less PQ controller structure for single-phase grid-connected inverter

order generalized integrator (SOGI) that was developed by
(Ciobotaru et al., 2006) as (1) and (2), respectively.
Moreover, SOGI has unique harmonic filtering capability that
makes the measurements robust to distortion imposed by
weak grid conditions (Easley, Baker, et al., 2019; Easley,
Hosseinzadehtaher, et al., 2019).

P = (ipecVice HiecVee) M
0= (igccvgcc - iﬁccvgcc) (2)
By differentiating equations (1) and (2), the state-space

model that includes active and reactive power as state
variables can be determined,

dP diye. o o« e dif. R
a =}( dP;L Vece tlpce % + ﬁvgcc + lzljcc ;;C ) 3)
dQ din-- w i dif. 5 Avi
i = %(ﬁ Vﬁc‘c +lpce ﬁ - fvpcc - lgcc ﬁ) 4

Furthermore, the expression for the derivatives of the
stationary reference frame PCC currents if..and ik in (3)

and (4) are deduced by applying Kirchhoff voltage law at the
loop of common coupling depicted in Fig. 1. Hence, the PCC
currents derivatives are as (5) and (6).

dipcc _ MVpe _ Vpee _ Ripec

= ~Yree _ 5
dt L L L )

iB B iB
dipec _MVpe _ Vece Ripec

6
dt L L L ©
where m, and m, are stationary reference frame modulation
is the filter

indices, L is the filter inductance, and R

resistance. Similarly, expression of the derivates of the
stationary reference PCC voltages v%..and vA..in equations
(3) and (4) are as (7) and (8).

ave,

7(2“ =—aVh (7
avh. ”

7‘;“ =WV (8)

where @ is the angular frequency of the grid. Therefore,
substituting (5), (6), (7) and (8) into (3) and (4) results in the
time varying MIMO state-space system given by (9) and
(10). The system is time varying because the stationary
reference modulation indices m, and m, are multiplied by

the PCC voltages. In addition, this MIMO state space control
inputs are coupled in both states.

dP R 1 }

o _ZP —0Q+ Z(mavD('vPCC + mﬁ"nc"f(‘c ~Viee) 9)
dQ R 1 a
e _ZQ+ a)P-&-Z(mavDCvﬁCC = MyVpcVece) (10)

where v, = Jvﬁccz +vh..” . However, if the two inputs are
defined as (11) and (12); the state-space in (9) and (10)
transform into a simple LTI MIMO state-space as (13) and
(14).

Up =M VpcVice + mﬁVDc"gcc - V;CC (11)
Uy = maVDcvﬁcc - m/?VDCVgCC (12)
dP R 1
& ZP-w0+—u 13
d L Q 2L " (13)
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Fig. 2. Dynamic performance of the proposed single stage PLL-less decoupled PQ control
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Now, consider the error on the instantaneous active and  The active and reactive power error dynamics in equations
reactive power as (15) and (16), (21) and (22) indicate that if the controller gains
e,=P" —p (15)  Kn Ky s Ky, and K ,, are positive the system is asymptotically
¢y=0" -0 (16) stable. As this condition guarantees that the error dynamics

rer eigenvalues are negative. The last step is to retrieve the
ef M . . . . . .
where P™ is the reference commanded active power and  original system inputs; which are the inverter stationary
Q" is the reference commanded reactive power. Moreover,  reference modulation indices m, and m s

the cancellation of the coupling terms in (13) and (14) is

2
achieved by taking the following control law that includes | HeF Ve
feedback and feedforward as (17) and (18). {ma} _ |:Vgcc Vice } Vpc (23)
up= 2LwQ + 2Lv, a7 My Ve ~Vece Uy
Feedforward Feedback Vece VDC
Uy, = —2LwP + 2Lv
O rereerd (18) 1t worth mentioning that the matrix V., in equation (23),

The feedback termv,in (17) is obtained with a Proportional  singularity is an impossibility since the signals vi..and vi..
Integral (PI) controller as (19) that tracks the desired active  are always orthogonal. Finally, the modulation index that

power reference. controls the single-phase grid-connected inverter is as (24).
‘ m=m,+m 24
vy =Kpep+ Ky, [e,(0)dr (19) g 24
0 The overall controller structure of the proposed PLL-less PQ
Similarly, the feedback termv, in (18) is deduced with a PI .corllzt.rol 1for single phase grid-connected inverters is illustrated
controller as (20), this PI controller assures tracking the n g
desired reactive power reference. 3. WEAK GRID CONSIDERATIONS AND PCC
. VOLTAGE STABILIZATION
Vo =Kogpeo + Ky, J. ¢o(r)dz (20) " The relation between the grid voltage and the PCC voltage

0
i 1o the ofi " . o
Moreover, substituting (19) into (17) and then place the with ignoring the grid parasitic resistance is given by,

resultant expression into (13) outcomes in the error dynamics Viee = ,[V; —(@L 1y ) (25)
of the active power that is shown in equation (21). . i )
s where the V.. is the magnitude of the PCC voltage, V, is
d R_d
dlezp =—(K,, 7 %_Kpiep (21)  the magnitude of the grid voltage, and /,. is the PCC current

magnitude. Furthermore, at unity power factor conditions the

Likewise, inserti 20) into (18 th titute th . .
ikewise, inserting (20) into (18) and then substitute the magnitude of the PCC current 7, is:

resultant into (14) outcomes in the error dynamics of the

reactive power as (22). 2 pre
Tpee =— (26)
4

PCC
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Fig. 3. Reactive power injection importance in weak grid connection

Then, by combining (25) and (26),
magnitude V.. is given by,

the PCC voltage

VZ V4
Vice = —g+,f—g—(2a)L,PR‘-” )’ 27
2 N4 €
From (27), the grid-connected inverter maximum power

injection at unity power factor is limited by,
v X

Tg - (oL P*)* 20 (28)
If the condition in (28) is not satisfied, the PCC voltage
magnitude V.. becomes an imaginary value; which is not

logical for a vector magnitude. In fact, such conditions mean
the collapse of the PCC voltage Therefore, this imposes a
limitation on supplying the rated active power into the weak
grid at unity power factor. A solution for supplying the rated
active power in such conditions is to supply a reactive power
that compensates the voltage at the PCC. Hence, considering
non-unity power factor, (27) converts into (29).

VZ+4wL 0™
2
Vece = 2 Ref\2
. \/(Vg +40L,0™)
4

(29)

~ QoL (P) +Q"))

Now, the condition for the maximum active power injection
at non-unity power factor without PCC voltage collapse is
linked to the reactive power supplied as (30).
v} +40L 0" )
4
Hence, the reactive power that must be supplied to inject the
rated active power is as (31).
(zngPRe/')z _ Vg4
2
20V,

= QoL ((P*)* +(0")") 20 (30)

0" > (31)
In other words, the rated power of the inverter can be
supplied into the weak grid without a collapse of the PCC
voltage.
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Table I: System ratings

Parameter Symbol Value
Rated Power Prated 20 kW
Switching Frequency Sfow 10 kHz
Nominal Grid Frequency [ 376.8 rad/sec
Grid Voltage Peak Ve 12042V
DC-Bus Voltage Vbc 420V
DC-link Capacitor Cpc 2 mF
DC source Resistance Rpc 10 mQ
Filter Inductor L 0.5 mH
Filter Inductor Resistance R 0.5Q
Grid Parasitic Inductor Le 1 mH
Grid Parasitic Resistor R, 0.1 mQ

4. RESULTS AND DISCUISSION

The proposed PLL-less PQ control which is depicted in Fig.
1 for single phase grid-connected inverters is validated by
simulation in PSIM software. The specification of the single-
phase grid-connected inverter is listed in Table I. Note that,
the short circuit ratio (SCR) of the grid is 1.91; which
characterizes the grid as a very weak grid (Alassi et al.,
2019). In more details, the SCR is defined as (32).
vaZ
2 27 2
scr = ZNR H Ok (2)
Rated

The results section is divided into two subsections. The first
subsection validated the developed theory and depicts the
performance of the proposed PLL-less PQ control in tracking
the desired active and reactive power references. Then, the
second subsection validates the theory discussed regarding
the reactive power injection importance to allow the inverter
to inject the rated active power into the weak grid.

4.1. Dynamic Performance of the Proposed PLL-less PQ
Control

The proposed PLL-less PQ control performance is depicted
in Fig. 2. The system is tracking the required PQ set-points
properly. As shown in Fig. 2, before instant 2 sec, the grid-
connected inverter is injecting 20 kW with 10 kVar into the
grid. Then, at instant 2 sec, the PQ set-point is changed to 5
kW and 5 kVar; this forces the controller to change the active
and reactive power supplied into the grid. The controller
settling time is less than 0.8 seconds.

4.2. Reactive Power Injection Importance with Weak
Grid-Connection

A scenario has been simulated where the grid-connected
inverter with the proposed PLL-less PQ control is operating
initially at half of the rated active power with unity power
P* =10kWand Q" =0kVar).
Then, suddenly the operating set-point of the inverter changes
to the full rated active power at unity power factor (i.e.
P* =20 kWand Q" =0kVar). The system behaviour is

depicted in Fig. 3. Moreover, it is observed that without any
reactive power injection, the grid-connected inverter is
gradually going to collapse when it tries to supply the rated

factor operation (i.e.

active power (see Fig. 3 after t = 2 sec). Nevertheless, if the
inverter is forced to inject a reactive power into the grid
according to the inequality (31), the collapse of the system is
avoided as seen in Fig. 3 after t = 4.

5. CONCLUSIONS

In conclusion, this work presented a single loop PLL-less
active and reactive power control for a single-phase grid
connected inverter. The proposed control closed loop error
dynamics are asymptotically stable if the controller gains are
positive. Also, by considering a weak grid, it was shown that
for supplying the rated active power into the grid, a certain
amount of reactive power is required to avoid PCC voltage
collapse. Finally, the theoretical analysis was validated by
simulating a 20 kW grid-connected single-phase inverter.
This single-phase inverter is tied to a very weak grid with
SCR of 1.91.
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