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Voltage Source Converters-based High Voltage Direct Current
(VSC-HVDC) systems are generally implemented to transmit
power across long distances due to their low cost and flexibility.
This paper will discuss a new simple and low-computational-
burden phase-locked loop less voltage-oriented control strategy
(PLL-less-VOC strategy) for controlling and synchronizing a VSC-
HVDC system in a synchronous rotating frame (dq frame). The
proposed method is used not only to control the VSC-HVDC but
also to obtain the mathematical model of both VSCs-based HVDC
systems in the dq frame using the basics of the direct instantaneous

power control theory (DPC) without using PLL and Park
transformations. The proposed PLL-less-VOC strategy is
equivalent to the conventional VOC strategy for steady-state
stability, but it has the benefit of both conventional VOC and DPC,
better transient stability performance, and low computational
burden in the implementation. The experimental tests using
STM32F407G microcontroller demonstrate that the proposed
control strategy has better dynamic stability under certain
exceptional conditions such as step changes on DC-link voltage
change, powers change, and three-phase fault.

1 Introduction

Today, HVDC transmission lines are widely used to move electricity across long distances (below 700
km) [1]. The VSC-HVDC topology is characterized by other high-power converter topologies used in HYDC
technology by its black start capability, grid reactive power support capabilities, and capacity to reverse the
direction of power flow without changing the DC link voltage polarity [2]. Generally, the instability of HVDC
transmission system is caused by rapid load demand variations and variations in renewable energy output [3].
The HVDC transmission system must respond to the load changes depending on demand to stabilize the power
system and maintain acceptable system voltages. Therefore, it has been demonstrated by various studies that
the control strategy used in HVDC systems directly influences the power system's stability [4]. To enhance the
AC power system voltage stability, VSC-HVDC has become a viable solution. Most controllers for VSC-based
HVDC systems depend on vector-oriented control (VOC) based on linear Pl techniques that may be utilized
indirectly to control active and reactive grids powers by regulating d-g axes currents separately, which must
be in synchronism with the utility grid voltage in the case of standard VOC [5].

This synchronisation is achieved using a phase-locked loop (PLL) device, which is the widely used
synchronisation method [6]. It detects the phase of VSC terminal voltage and transfers and converts this
information into the d-q axes currents control loop and the firing pulses for the VSC's insulated-gate bipolar
transistor (IGBT) switches through pulse-width modulation (PWM) technique [7]. However, the PLL device
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will lead to a sluggish transient response, which might cause instability in such conditions, including
unbalanced grid voltages, short circuit ratios (SCRs), and mal PLL gains determination [8]-[11].

Previous research has demonstrated that the converters of HVDC system become unstable due to PLL
instability in weak connections [12]. PLL gains and damping could have an impact on the VSC system's
efficiency and maximum power limitations [13]. Whereas Ref. [14] illustrates through simulation that PLL
gains affect the stability of a VSC with a high grid impedance, while in [15], it has been established that both
large and small proportional gains of PLL may cause system instability. Results from [7] depict that with low
SCRs, the gains of the PLL have a major effect on the VSC-HVDC converter functioning. Any kind of PLL
failure could cause instability issues for HVDC systems. Ref. [16] focused on the PLL impact on the stability
of the whole VSC system, including both the internal inner current loop and external DC-link voltage control
loop. While in [17], voltage angle and power control methods were used to show the impact of PLL on the
small signal stability. According to [18], the small-signal and large-disturbance stability of the DC-link voltage
is decreased by the PLL dynamics. The large bandwidth of PLL could impact the small-signal stability of a
VSC under a weak grid condition [19].

For such a PLL to operate successfully, the voltage at the point of common coupling (PCC) must be in
phase with the VSC output voltage. Since the traditional VOC strategy uses a PLL system for the coordinate
transformation under unbalanced grid voltages, its main drawback is a sluggish transient response. In addition,
harmonic problems form in the weak grid due to the coupling of PLL systems and grid current control loop,
which can make the system unstable [20], [21]. To solve the above-mentioned problems of the conventional
VOC-based VSC-HVDC system, a new PLL-less-VOC method in the synchronous rotating frame (dq frame)
is proposed in this work for a VSCs-HVDC system. The proposed method is used not only to control the
currents of two grids in the dq frame but also to derive the mathematical model of both VSCs-based HVDC
systems in the dqg frame on the basis of the direct instantaneous power control theory (DPC) without using the
PLL and Park transformation [22].

As we obtain the grid currents in the dq frame of both VSCs based HVDC systems via the new PLL-less-
VOC method, the suggested strategy is expected to share the same advantages as the conventional VOC. In
comparison to the conventional VOC, the proposed method improved the control performance and dynamic
response of VSC-HVDC when considering the slow dynamics of PLL after neglecting Park transformation
and PLL. We noticed that our proposal is identical to the methods designed in [23], [24]. However, the
suggested strategy combines the benefits of the conventional VOC method and DPC method, which are: the
elimination of PLL by directly calculating the grids power and so synchronizing both VSCs to the grids and
the direct regulation of current to ensure optimal control performance and dynamic response which are the
most common demands in the industry. In addition, the success of the suggested strategy is unaffected by the
PLL mechanism, which could create instability of the system in a weak grid if it fails to predict the right grid
voltage phase angle during the transient [25] - [27]. It would be interesting to add some variety instead of using
an Intel CPU, the recommended technique's control method might be implemented on a Processor-In-the-Loop
(PIL). The 8051, AVR, PIC, and ARM microcontroller families are only a few examples of the many possible
options. Companies such as NXP, STMicroelectronics, Texas Instruments, and Silicon Labs all produce ARM
microcontroller processors that are low-priced, high-performance, and power-efficient. The Cortex-M family
of ARM microcontrollers is the most popular of those now available, and it is implemented in virtually all
fields of activity. The details of how this card was used to create PIL co-simulation are discussed in [28] and
[29]. In order to demonstrate the viability, performance, and effectiveness of our proposed control method, a
PIL co-simulation of the system has been performed using the STM32F407G development board as an
experimental study based on the Runge-Kutta method with a sample period of 10usec. In the end, the
theoretical predictions are quite close to what we see both in simulation and in experimentation.

The rest of the paper is structured as follows: Section Il illustrates the system description of the VSC-
HVDC system. In Section 111, we design a PLL-less-VOC and conventional VOC strategy with mathematical
demonstration. Section 1V shows the simulation results using MATLAB/Simulink, in addition; we evaluate
the proposed method by experimental tests using an STM32F407G microcontroller. Finally, Section V
presents the conclusion of this article.
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2 System description

As can be seen in Figure 1, the VSC-HVDC system analyzed contains two VSCs converters connected
back-to-back via DC lines [30]. The two VSCs have the same architecture but are controlled differently; one
regulates the DC-link voltage (rectifier) and the other regulates the active and reactive power sent to the grid
(inverter) [31]. In most cases, power transformers and an AC filter are used to connect converters to the AC
grids; however, if the converter's output voltage is particularly high, the filter may be ignored. When the VSCs
are switched on and off, both grids contain high-frequency harmonics that must be reduced by employing
equivalent phase reactors to regulate these currents and hence both grid's active and reactive powers. VSCs
ensure voltage stability because they can generate or absorb reactive power independently of the active power
supplied by the system. Moreover, VSC-HVDC can quickly adjust the direction and magnitude of active power
and quickly supply active and reactive power support during failures. When compared to other techniques,
VSC-HVDC has many benefits such as: practically immediate (about 50-100 msec), reversal power flow, black
start ability, the potential of performing islanded systems, little contribution to AC disturbances, and giving
voltage and frequency support, enhancement the safety and stability of the power grid by controlling the power.

VSC station 1 VSC station 2
Point of common 5= ol .
) DC CABLE = Point of
A L R R,
A A
= —| Co= |V, =, —I r— T LA, VW
= | e Tabes >
= (!
< DC CABLE 2
19

Figure 1. Structure of the VSC HVDC system studied in a simplified diagram.

3 System Basics of conventional and proposed PLL-less-VOC strategies

The stated purpose of the VSC-HVDC regulation scheme is to stabilize the oscillations of the transmission
power to a minimum when the reference is changed. Another goal is to keep the DC voltage within a certain
range while the equipment (mostly the power switches) is subjected to extensive operation further than the
allowed voltage range [32].

3.1 VSC-HVDC system modelling using conventional VOC strategy

The conventional VOC strategy is the most adopted control method for VSC based HVDC systems in
which the instantaneous voltage vector of both grids is always oriented to the d-axis current of both grids. This
strategy controls both grids’ currents and DC-link voltage to track their references. The conventional VOC
design of the VSC-HVDC system includes the outer and inner control loops, the PLL, and the Park
transformations as shown in Figure 2. This figure shows that the outer and inner control loops are commonly
used to adjust the powers and currents in both grids. In the conventional VOC strategy, both grid currents are
controlled separately in the dg frame by a proportional-integral (PI) controller [33]. In this section, the
traditional modeling of the two VSCs based HVDC systems in the dqg frame used in the design of outer and
inner control loops based on Park transformation and the PLL system is presented. Accordingly, the three-
phase average model of both stations that describes both VSCs voltages in the abc-reference-frame is
presented:

d labcx P
Veabex = Vg abex T I-x dt + Rx'abcx (1)

where Vganex and Veanex are the three phase PCC and VSC voltages in station x (x=1,2), respectively, iancx are the
three phase currents of x grid. Ly and Ry are respectively the inductance and internal resistance of the x VSC
coupled filter.



A. Guessabi, A. Gherbi, A. Chebabhi: Stability analysis of HVDC based on new PLL... 34

AC Grid 1

TPHD DY

T2 Ly 1
Pl controller (71— o
of g it
I+ o2
AL, o B h

s e

\,Q.i Pl controller [+~ L% it
e ofip i
2

"Grid current control loop for VSC station 2

Grid current control loop for VSC station 1

Figure 2. Block diagram of conventional VOC for VSC HVDC system.

The dynamic equations of both grids’ currents in abc-reference-frame are expressed as:

di
Lx dix = Veax _Vgax - Rxlax
di,, .
Lx d:ﬂ = Veox _ngx - Rxlbx
. 2
di. )
Lx d = Voex _Vgcx - Rxlcx
dv . . .
dc dsc = (Saxlax + belbx + Scxlcx) + IL
Using Park transformation, the existing model of both stations may be written in the dq frame as:
& — __Xidx + a)xiqx + ngX _Vcﬂ
dt L, L, L
di R, . .
L )
X X
dvdc — Voo i, + Vee
dt Cdcvdc Cdc RL

where g« and iqx are the d-q axes grids currents respectively, vea and vegx are the d-q axes converters voltages

respectively.

Using Concordia transformation, the equation (1) may be written in the stationary reference frame (af-frame)

as:

i i
Vcax:Vgax_Rxlax_Lxdax
dt
di (4)
V., =V, —Ri, —L —2*
chx gpx X" BX X dt

where Vg, and vy, indicate the x grids voltages, i.., and iz are the x grids currents, and Vea, Vese represent the x

VSC voltages in the af frame.
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3.2 VSC-HVDC system modelling using PLL-less-VOC strategy

In this work, we take a close look at the advantages and disadvantages of the proposed PLL-less-VOC and
traditional VOC, both are developed in the dq frame for a three-phase VSC. Since there is no PLL involved,
PLL-less-controller may achieve the same steady-state performance as VOC while also providing superior
tracking performance, low complexity, low dependence on system parameters, minimal ripple in power
response, and constant switching frequency while maintaining a fast dynamic response [34]. The absence of
Park transformation and PLL mechanism in PLL-less-controller also means that it requires fewer computing
resources to implement than VOC. As a result, the PLL-less-control approach shown in Figure 3 might be
adapted to address new challenges in a wide range of industries.
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Figure 3. A block diagram of the proposed PLL-less-control strategy for VSC HVDC system.

In this section, the model of VSC based HVDC systems is determined based on DPC modeling without
using the synchronization method and the Park transformations using the instantaneous power theory concept,
as follows:

Both grids’ active and reactive power can be given in the three-phase reference frame based on a sequence
of three-phase grids voltages and currents, as shown in (5):

P = Vgarlax + Vioxlx T Ve

gax“ax gexex

1

| _ _ 5
Qx - ﬁ[(\/gbx _Vgcx)lax + (Vgcx _Vgax)lbx + (Vgax _ngx)lcx:| ( )

In the ap-frame, both the instantaneous active and reactive powers (Pyx and Qy) of x grid are represented by:

{Px = Vgaxlax + Vgﬂxlﬁx

: i (6)
Qx = Vgaxlax _Vgﬂxlﬁx
Both grid voltages in the a-frame can be obtained by considering a non-distorted grid as:
Vgax :Vgxmax COS(COXt) (7)
Vopx = Voxma SIN(@,)

where @, =27 T, is the x grid voltage angular frequency, and Vgmax Symbolizes the x grid voltage magnitude,
which given by:
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V.= V2 V2 (8)

gxmax gax gpx

By deriving equation (7), the grid voltage dynamics in the af-frame are obtained as follows:

av,,, .
= _a)xvgxmax Sln(th) - a)xvgﬂx
dt
dv ©
P~y cos(ot)=wV,
dt ¢} g

Using the power-current equation in (5), and equations (6) and (7), we get the model of dynamic powers
in state space of the instantaneous active and reactive powers that may be expressed as:

dP. R 1 2
dtx = L_X Px - a)xQx + E (Vgaxvcax +V ﬂxvcﬁx Vgxmax)
X X
10
dQ, R, 1 (10)
dt =, I:)x - L_ Qx + L_ (Vg,Bchax _Vgaxvcﬂx)
X X
where V... and v, represent the voltage control of each converter and P and Qx served as outputs.
U Vgaxvcax + Vg/}xvcﬂx (11)
UQ Vgﬁxvcax Vgaxvcﬂx

where Upy and Uqgx are the new inputs of the control for x grid converter.

By using equation (7), the new inputs of the control Upx and Uox given in equation (11) are changed into

dg-frame as follows:
U, cos(w,t) sin(ot Vey Vi
|: " :|:V9xmax|: - ( ) ( ) :||: :|=Vgxmax|: ‘ :| (12)
U, sin(ot) —cos(a,t) || Vep Veax

where Veax and Vegx are the x VSC voltages in the dg-frame, it is important to keep in mind that the PLL is not
used in the approach described in (10), but that the inputs are still reflected in the dg-frame.
Substituting (11) and (12) into (10), we may rewrite the relationship of real and reactive powers as:

dP R 1
Ko XP _Q +— ~V2
dt LX X xQx LX (Vgxmax cdx gxmax) (13)
dQ R 1
X P __X +— v
dt ,Fy LX Qx I—X (Vgxmax cqx)

Since the synchronous frame has a d-axis which coincides with the instantaneous voltage vector
=V and a g-axis which is in quadrature with it v, =0, therefore the following expressions can be

gdx — Y gxmax

used in the dg-frame, to calculate the active and reactive powers:

{ P Vgx max
(14)

Q =-V gxmax qx

Vv
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By substituting (14) into (13) and multiplying both sides by 1/Vgxmax , We obtain the new model:

di R, . . 1
dix = _L_X Iy — a)xqu + L_ (Vcdx _ngxmax)
. " " 15
di,, . R. 1 (15)
dt = a)xldx - L_ Iqx + L_chx

According to the obtained model in (15), there are coupling terms between the d-axis grid current iax and the
g-axis grid current ig«. These coupling terms are mitigated using the PI controllers which are represented in the
next subsection.

3.3 Grids Currents regulations based on both control strategies

In this section, both control strategies, traditional VOC and the proposed PLL-less-VOC in the dg-frame
based on a simple linear Pl controller are represented and analyzed. The mains advantages of the current
controller are: better power quality as the current-controller converter is less influenced by grid harmonics and
disturbances, decoupled control of active and reactive powers, and the control mode can be easily extended to
compensate for line harmonics and other power quality issues.

The system in (15) should be modified to include HVDC converters voltages components in the dq frame
obtained from the grids and feed-forward terms to eliminate the cross-coupling as shown below:

Vde =Ugy — waxiqx + Vgxmax
feedback feedforward
) (16)
chx = uqx + a)xindx
feedback feedforward

The output control variables of both PI controllers used in the two grid current loops of both control
strategies are given in the subsequent expression:

Ki cv/s "
udqx = (kp—c + IT_C)(qux - qux) (17)

From these equations, it is clear that the d-axis grid current i and the g-axis grid current ig can be regulated
by the decoupled control variables usx and uqx Separately.

where k, ¢ and k; ¢ are the proportional and integral gains of the Pl controllers, which are calculated using the
pole placement method as follows:

kp—c = 2Lx§cwn—c
(18)

_ 2
ki—c - an)n—c

where wn.c and & are respectively the natural frequency and the damping factor of both grids currents PICs,

The damping factor is chosen as & =1 for the appropriate transient process, and the natural frequency is chosen
as wn-c =500 rad/s for the adjustment between dynamic responses and immunity versus grid distortion, and grid
currents ripples.

The second grid references currents i;qz are provided from the references grids active and reactive powers

through the open-loop control using (14) as:



A. Guessabi, A. Gherbi, A. Chebabhi: Stability analysis of HVDC based on new PLL... 38

* PX
Idx =
Vo o (19)
=
! Vgxmax

The second grid reactive power reference Q, is set to zero to ensure unity power factor and compensate the

reactive power in the second grid, when the first grid reference current i, are provided from the control of DC
link voltage as presented in the next subsection.

3.4 DC-link voltage regulation

The main purposes of DC-link voltage regulation are to ensure that it follows its reference without error,
to control the balanced power exchange between the DC side and both AC sides, and to provide the first grid

active reference current i, , which is achieved through an external control loop as shown in Figures 2 and 3.

By regulating the DC link voltage, the first VSC ensures that the active power present in the DC grid is
transported to the AC grids. As a result, the VVSC serves as an energy storage device between the DC and AC
sides, where any unbalance between the AC and DC powers causes a voltage fluctuation across the DC
capacitor. The DC-link capacitor current reference, obtained from the regulation of DC-link voltage, is
expressed as:

. ki
Ic = (Vdc _Vdc)(kp_v +%) (20)

ko v and ki v are the proportional and integral parameters of the closed loop DC-link voltage PI controller of the
first VSC station, which are calculated using the pole placement method as:

kp_v = 2Cdc va)n_v
ki ,=C w’

dc™“n_v

(21)

wn_vand & are the cut-off frequency and the damping factor of the DC-link voltage PI controller of the x grid,
respectively.

The DC side reference current is given by:
I =1.+1, (22)
where I is the measured DC line current.
To guarantee the balanced power exchange, the active powers of the AC sides are given in terms of DC
power by:

(23)

where P, = 1.V, and PX = idXVgxmax are respectively the DC power and AC sides active powers.

Knowing the DC current reference and equalizing the powers of the AC and DC sides, the first active
reference current i;, of the network is calculated as follows:

dl Vglmax dc (24)

The first reactive reference current i; of the network is set to zero to ensure unity power factor and compensate
the reactive power in the first grid.
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The original reference VSCs voltages V... 0f both VSCs in the af-frame can be obtained using the inverse of
equation (12) and the reference VSCs voltages Vcagx in equation (16) as follows:

Vcax — 1 |:Vgax Vg/i’x } Vcdx (25)
Vcﬂx Vgxmax VgﬁX _ngX chx
4 Results and discussion

The studied system depicted in Figure 1 and its control illustrated in Figure 2 and 3 are simulated in
MATLAB/Simulink environment, to study the VSC-HVDC dynamic behaviour and evaluate the
responsiveness of the proposed control, under different conditions and transients. All simulation results are
implemented and validated using an STM32F407G development board as illustrated in Figure 4 with its PIL
structure. Detailed parameters of VSC-HVDC system are provided in Table 1.

The STM32F407VG has 1MB of flash storage, a 32-bit ARM®-Cortex®-M4F-CPU, a Digital-Signal-
Processor (DSP), a Floating-Point Unit (FPU), and 192kB SRAM with a maximum operational frequency of
168 MHz.

Table 1. Values of system and simulation parameters

Parameter Value
Maximal voltage of both AC source 31.1 kV
The fundamental frequency of both grids 50, 60 Hz
DC-link voltage Ve 90 kV
Capacitor of DC link Cgc 6 mF
DC cable resistance R 5Q
filter inductances Li, L 0.006 mH
filter resistances R1, R» 0.25Q
Switching frequency f; 8 kHz

The power circuit of VSC-HVDC system

Host PC

Serial communication
(UART module)

STM32F407G
development board

PIL block ( System Command )

Figure 4. Structure of the VSC-HVDC system using an STM32F407G microelectronic.

The suggested PLL-less-control approach for VSC-HVDC systems is realized by integrating all control
algorithms into a new single control circuit and specifying the required microcontroller and the inputs/outputs
of the proposed PLL-less-VOC strategy in MATLAB/Simulink. The proposed control circuit's algorithms are
transformed into C code from the simulation model using Simulink Blockset (Waijung}. As illustrated in
Figure 4, we combine the created C code in the PIL block into a new Simulink model to run the suggested
control strategy on the STM32F407G development board through a serial connection interface (UART
module) [30]. After that, the microcontroller calculates the VSC-HVDC's state vectors and transmits them to
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the host PC, which stores the Simulink power circuit of the VSC-HVDC through the same serial connection
interface for operating it (Figure 4).
The following simulation scenarios are used to test the model:

Test 1 (Impact of PLL on system stability): This scenario investigates the effect of change in wn 1 While
keeping the nominal value of {1 on system dynamics.

Test 2 (dynamic behavior of the system under different grid conditions): The adaptability of the suggested
control is tested against active and reactive power reference variation and direct voltage reference variation.

Test 3 (dynamic behavior of the system under three phase fault): In this test, the adaptability of the
suggested control is tested against three phase faults.

4.1 Test 1. Impact of PLL on system stability

In this part, we illustrate how the PLL and its control settings affect the stability of VSC HVDC systems.
The PLL is a phase-tracking control system that operates in real time. Its purpose is to guarantee system
stability by ensuring that the angle of rotation at the PLL's output .1, is in ideal phase with the signal at the
point of common coupling, fecex. In this study, we just cover the most fundamental ideas about how PLL
dynamics impact the effect of DC-link voltage regulation and how PLL might enhance DC-link voltage
stability. Figure 5 depicts the DC-link voltage response of VSC HVDC with different values of wn v
considering {1 at nominal condition.

\'i (kV)

0 0.5 1 1.5 2 2.5 3 3.5 4 45
Time(s)

Figure 5. Response of DC-link voltage of VSC HVDC with various PLL bandwidths

Results in Figure 5 show that, particularly at high value of wn_v1 (e.g., for the case of wn v1 =800 rad/s), the
VSC system works well and the tracking error almost converges to zero. It can be noted that increasing the
value of wnv improves DC-link voltage stability. For lower value of wnw (
®, ,, =0.018, 0.05, 0.18, 18, 180rad/s), it greatly affects the operation of the VSC-HVDC converter

which causes DC-link voltage instability; there is a big failure in tracking performance. So, it is clear that a
negative effect on VSC HVDC system stability results from a variation in w1, Since voltage instability in DC
converters is occurred which reduces the maximum power transfer capability of the VSC converters.

Considering {1 at a nominal state, Figure 6 shows the power deviations in VSC HVDC transmission lines
over a range of wn 1 values. It is obvious that the system becomes unstable as wn v1 decreases and more
oscillations will appear.
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Figure 6. Response of power deviations in VSC HVDC with various PLL bandwidths.

4.2 Test 2. Dynamic performance of system under different grid conditions

In order to study the dynamic stability of the proposed control technique, a comparative study between the
conventional VOC and proposed PLL-less-VOC strategy was achieved, during sudden change of active and
reactive power reference from 250 to 300 MW at 1.5 sec and from 0 to 50 MVAR at 2.5 sec, respectively, and
DC-link voltage reference variation from 90 to 92 kV at 3.5 sec are performed. The oscillation magnitude
values for each dynamic response (Vqc, P, and Q) are analyzed and illustrated in Figures 7 and 8.

925

deref

92 Vdc (Conventionnel VOC) £ S

V . (Proposed PLL-less-VOC) '
91.5 * ,

91

T 905 F

V. (kV)

90 - i —

89.5 F\ / .

0.5 1 1.5 2 2.5 3 3.5 4 45 5
Time (s)

Figure 7. Responses of DC-link voltage under the second test.

Figure 7 illustrates the responses of the DC-link voltage under second test. At the start of the simulation, a
little drop of about 0.8 kV smaller than the reference of 90 kV can be noticed in the system output for both
controllers with little reduction of their oscillation by using the PLL-less-controller as shown in Figure 7. This
is due to the fact that the system is just starting out and the controller is starting from 0V, then the system
stabilizes out in about 1.15 sec. The DC-link voltage also drops and stabilizes after 0.5 sec when the active
power reference is changed using both controllers, the DC-link voltage also varies slightly with the change of
reactive power reference, but both controllers try to adjust the direct voltage V4. to follow the reference. This
is evident in the zoomed portion shown in Figure 7. In addition, at 3.5 sec the DC-link voltage reference is
changed from 90 to 92 kV, and the direct voltage trucks its reference with an overshoot of 0.5 kV and stabilized
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after 1 sec for both control strategies. In conclusion, the proposed control technique is identical to the
traditional control technique.
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Figure 8. Responses of active and reactive power transmitted in both grids under the second test: a- P;
and Q: of grid 1, b- P, and Q> of grid 2.

The active power reference in VSC-HVDC station 2 is instantly changed at 1.5 sec from 200 to 250 MW,
we observe that the active power of the HVDC station 2 correctly trucks the reference and stabilized at the
new reference value using both controllers, the reactive power is not affected. Also, at 2.5 sec, the reactive
power reference in VSC-HVDC station 2 is suddenly changed from 0 to 50 MVAR, the system reactive power
Q follows the desired reactive power Q. Furthermore, the active and reactive powers are not affected at 3.5
sec with the changing of the direct voltage reverence as shown in Figure 8(a). Figure 8(b) shows that the active
power reference in VSC-HVDC station 1 is changed at 1.5 sec from 250 to 300 MW when the active power
reference in VSC-HVDC station 2 is instantly changed at 1.5 sec from 200 to 250 MW, but at 3.5 sec with the
change of direct voltage reference, an overshoot of 0.38 kV of active power occurs and return to the controlled
range after 0.55 sec.

The reactive power is still not affected until the reactive power reference variation at 2.5 sec. After this
change, the reactive power trucks its reference. This tracking can be observed to be very rapid with almost 0
percentage overshoot. This is due to the fact that the control signal for Q has fewer variables it depends on.
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Figure 9. Responses of both grids voltages and currents using both control strategies under the second
test.

Figure 9 shows the current and voltage in both grids during the second test. The voltages in grid 1 and 2
unaffected by the active, reactive power step and DC-link voltage step for both controllers. In the other hand,
the current displays a transient to adjust the variations step which produce the variation in phase angle. The
grid voltages and currents for both controllers are sinusoidal. This is clearly shown in the zoomed portion in
the Figure 9.

As conclusion, this figure shows that the responses of the DC voltage, active and reactive power using the
conventional VOC or the PLL-less-VOC strategy are identical and the control loops are really successful.

4.3 Test 3. Dynamic performance of the system under three phase faults

In order to demonstrate the superiority of the suggested PLL-less strategy over the standard PLL-based
control (standard VOC strategy), a three-phase fault of 150 msec is imposed to the grid 1 at t = 1.4 sec, the
responses of voltages and powers of VSC-HVDC system are achieved for two types of topologies as shown in
Figure 10.
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Figure 10. Responses of DC-link voltage under the third test.

The DC-link voltage behavior is identical trend for both controllers, which may be observed from Figure
10. It can be noted that the DC-link voltage reduces to 74 kV when the fault occurs, then settled to the reference
value within 1 sec once the fault is cleared while it has nearly the same oscillatory response for both controllers
as shown in the zoomed portion.
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Figure 11. Responses of active and reactive power transmitted in both grids under the third test: a- P1
and Q1 of grid 1, b- P2 and Q2 of grid 2.

The behavior of active and reactive powers of the two controllers follows the same trend, as shown in
Figure 11. We observe that, the real powers of grid 1 (P1) quickly converge close to zero when the fault occurs,
and return to their initial values after a transient of 230 MW with a time delay of 0.9 sec, when the fault is
cleared, for both controllers. On the other hand, the reactive power of grid 1 (Q1), and the active and reactive
power of grid 2 (P, Q) are not affected for both control strategies.

These results are in a similar performance in the DC-link voltage, active and reactive power output from
VSC for both controllers. This is a consequence of PLL’s ability to ensure accurate synchronization between
both the grid and the VSC during the fault due to the use of nominal conditions of PLL parameters (cn and ().

Figure 12 shows the responses of grid voltage and current during a three-phase fault of 150 msec imposed
ongrid 1 att=1.4 sec. The current on grid 1 quickly converges to zero. There is a fast-reducing oscillation of
the current and not a direct exponential convergence. In the same framework, when the fault is cleared, the
current stabilizes to its original value after a small transient of 0.75 sec for both controllers as shown in Figure
12 (c and g). The current on grid 2 is affected by the fault occurrence and stabilizes after the fault clearance
for both controllers as shown in Figure 12 (a and e).

The AC voltages of grid 1 and grid 2 are not affected with the fault occurrence for both controllers as
shown in Figure 12 (b, d, f, and h).
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Figure 12. Responses of grids voltages and currents using both control strategies under the third test.

5 Conclusion

VSC-HVDC transmission technology is growing in applicability as it becomes more common in renewable
power energy applications. This article investigated the conventional VOC strategy using a PLL with a new
proposed PLL-less-VOC strategy that does not employ a PLL for study and analysis of VSC HVDC system
stability. An analogy between the traditional VOC strategy and the new proposed PLL-less-VOC strategy for
the VSC-HVDC system is shown first. Then, we demonstrated mathematically that PLL-less-controller is the
same as the conventional VOC in the synchronous rotating reference frame. This indicates that by removing
the PLL from the new control method, we can have the same steady state performance as a traditional VOC
but improved tracking performance since the proposed control method does not require either Park
transformations or PLL systems. It significantly reduces the computational burden. The experimental tests of
the system using the STM32F407G microcontroller demonstrate that the proposed PLL-less-VOC strategy is
capable of synchronizing and stabilizing both converters of HVDC system. The suggested PLL-less-VOC
strategy has the same property as the conventional VOC strategy under standard conditions, but it has better
dynamic and transient stability in certain exceptional conditions in which the PLL system creates problems.
Hence, it can easily be implemented in cost-effective microcontrollers.
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