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A B S T R A C T   

A multivariable control strategy in a dq reference frame for grid-connected voltage source converters (VSCs) 
without using a phase-locked loop (PLL) is presented in this paper. First, common VSC controls such as vector 
current control (VCC) and grid voltage modulated direct power control (GVM-DPC) are analyzed and their main 
drawbacks are identified. Then, the multivariable control strategy is presented, including the implementation of 
saturation and anti-windup mechanisms, and limitation of overcurrents. Next, different uncertainty channels that 
may lead to instability in each approach are analyzed, showing the drawbacks related to the use of a PLL, which 
are avoided in our proposal. The effectiveness of the three strategies is compared by means of MATLAB/Simulink 
simulations, showing that the proposal presents a more robust behavior, specially in weak grids.   

1. Introduction 

The use of grid-connected voltage source converters (VSCs) is 
increasing fast due to the development of smart grids, flexible AC 
transmission systems, high-voltage DC systems and renewable energy 
sources. This poses new challenges to power grids that require advanced 
control strategies to enhance their integration, performance and 
robustness [1,2]. 

Vector current control (VCC) uses a synchronous rotating dq frame to 
transform AC values into DC ones, as well as feedforward terms to 
decouple the d and q current control loops, allowing the use of standard 
single-input single-outpu linear control techniques as proportional- 
integral (PI) control [3,4]. However, the use of a phase-locked loop 
(PLL) to get the grid voltage angle can cause a slow transient response, 
and the interaction between the PLL and the current control loops may 
cause harmonic problems in weak grids (WG) and even make the system 
unstable [5–7]. 

Alternatively, several PLL-free control strategies have been pro
posed. In [8] uses a stationary frame where variables are sinusoidal, and 
proportional resonant (PR) controllers are used. The power synchroni
zation control proposed in [9] tries to mimic the operation of a syn
chronous machine to avoid the PLL. Similarly, Virtual Synchronous 
Machines avoid the use of PLL by emulating the behavior of synchronous 
machines [10,11]. 

Direct power control (DPC) has been widely used as an alternative to 

VCC  [12–14]. Moreover, with the aim of increasing the robustness, 
sliding-mode control (SMC) and passivity-based control (PBC) DPC have 
been developed. SMC in [12,13] uses a stationary reference frame in 
order to achieve an exponential convergence of the tracking error of 
active and reactive powers. The PBC-DPC in [14] also ensures the 
exponential stability and uniform performance over all operating points. 
Both the SMC-DPC and PBC-DPC obtain faster transient response than PI 
controllers and a robust response against parameter uncertainty, how
ever some ripples in active and reactive powers may appear. 

Recently, the grid voltage modulated direct power control (GVM- 
DPC) was introduced in [15,16] aimed at designing a robust and simple 
control law to achieve a convergence rate of the instantaneous active 
and reactive powers and reducing the power ripples and total harmonic 
distortion (TDH) of the output current in steady-state. It achieves an 
independent control of the active and reactive powers by changing the 
variables from a stationary frame into new control variables presented in 
a dq frame without the need of using the synchronous coordinate 
transformation. Hence, similar to VCC, it uses PI regulators with addi
tional feedforward terms for decoupling and linearizing. Due to the use 
of simple control laws and good performance, VCC and GVM-DPC are 
specially interesting approaches. However they present some drawbacks 
related to the use of a PLL or the use of decoupling terms that difficult 
the implementation of the control action saturation and anti-windup 
(AW) mechanisms. 

In this work, a MIMO approach in a dq rotating frame is proposed, in 
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which active and reactive powers are controlled by means of a multi
variable state-feedback current controller with reference weighting and 
considering that the VSC generates its own angle as the integration of a 
constant angular velocity for the frame transformation (PLL-free). 
Removing the PLL allows us to directly design the controller without 
taking into account the coupling dynamics between PLL and current 
controller, but generates internal oscillating signals to be tracked that 
we tackle from the controller design. On the other hand, we incorporate 
and anti-windup multivariable mechanism that allow us to tackle the 
coupling between integral terms, the presence of weighting factors, and 
helps us in the synchronization with the grid. 

Notation: In this work, subscript abc refers to a vector xabc =

[xa xb xc]
T, αβ to a vector xαβ = [xα xβ]

T, dq to a vector xdq = [xd xq]
T, 

and PQ to a vector xPQ = [xP xQ]
T. The Euclidean norm operator is ‖ ⋅ ‖, I 

and 0 are the identity and zero matrices ∈ R2×2, and J =

[[0 1]T[− 1 0]T]. 

2. Problem statement 

The model of a three-phase VSC connected to the AC grid is shown in 
Fig. 1. It also shows an overview of the controller C that has to regulate 
the power delivered to the grid. P∗ and Q∗ are the active and reactive 
power references respectively, and the available measurements are the 
currents iabc and voltages vgabc . The controller computes the VSC voltage 
uabc such that the active and reactive powers delivered to the grid track 
their references. In order to limit the currents, this controller C has an 
internal current control whose references come from an outter power 
controller. In this work, Usat refers the maximum achievable voltage of 
the converter, IN is its rated current and Vg denotes the amplitude of vgabc . 
The parameters R and L of the converter are assumed to be known, but 
not the grid related values (impedance Lg and exogenous voltage vx). In 
the sequel, we present alternatives found in the literature to implement 
this power control. 

2.1. Vector current control 

Fig. 2 shows the structure of the VCC [17]. First, the grid voltage 
angle θ is obtained from a PLL [18] using the measurement vgabc . Then, 
vgabc and iabc are transformed to the dq frame using θ and Clarke-Park 
transformations, leading to vgdq and idq (note that vgdq = [vgd 0]T =

[Vg 0]T). With grid voltage and power references S
∗
= [P∗ Q∗]

T the 
current references i∗0

dq, are obtained and limited as 

i∗0

dq =
2
3
V dq

− 1
S

∗
,V dq =

[
vgdq JT vgdq

]
,

i∗dq =

{

i∗0

dq, if ‖i∗0

dq‖≤IN ;
IN

‖ i∗0

dq‖
i∗0

dq, if ‖ i∗0

dq ‖> IN .

(1) 

Control actions u0
dq are computed with feedforward terms for 

decoupling d and q channels and feedback terms as 

u0
d = Vg − L ωiq

⏟̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅⏟feedforward
+ L νd⏟⏞⏞⏟feedback

, u0
q = L ωid⏟̅⏞⏞̅⏟feedforward

+ L νq
⏟⏞⏞⏟feedback

,

(2)  

where νd and νq are determined by the PI controllers Cid and Ciq defined 
as 

Cij : νj = Kp,ij

(
i∗j − ij

)
+ Ki,ij

∫ t

0

(
i∗j − ij

)
dτ, j = {d, q}, (3)  

where Kp,id and Kp,iq are the proportional gains, and Ki,id and Ki,iq are the 
integral gains. Saturation of the control action is done over the module 
of the two components of udq (instead of saturating each component 
separately that would lead to voltages higher than saturation voltage 
value) as 

udq =

{

u0
dq, if ‖ u0

dq ‖ ≤ Usat;
u0

dq

‖ u0
dq‖

Usat, if ‖ u0
dq ‖ > Usat (4) 

Fig. 1. Model of the system and controller structure.  

Fig. 2. VCC controller block diagram.  
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When the control action satures, both integral terms are frozen. How
ever, each component of u0

dq depends on the two outputs νdq of the two PI 
controllers and it is not clear which of them saturates the control action, 
which is a common drawback when saturating controllers with down
stream decoupling terms. Voltage uabc is finally computed from udq using 
inverse Clarke-Park transformation. 

The controller parameters are designed using the nominal closed- 
loop (CL) model (i.e., assuming a stiff grid with Lg = 0 and no satura
tions), that presents a decoupled dynamic between d and q, leading to 

id(s)
i∗d(s)

=
Kp,id s + Ki,id

s2 +

(

Kp,id +
R
L

)

s + Ki,id

,

iq(s)
i∗q(s)

=
Kp,iq s + Ki,iq

s2 +

(

Kp,iq +
R
L

)

s + Ki,iq

.

(5) 

The controller gains can be computed to obtain some given CL poles 
location, for instance, using internal model control [19]. 

2.2. Grid voltage modulated direct power control 

Fig. 3 shows the block diagram of the GVM-DPC approach [15]. 
Clarke transformations are applied on vgabc and iabc to obtain vgαβ and iαβ. 

Then, using the original power references S ∗0
= [P∗0 Q∗0

]
T and vgαβ , the 

equivalent current references i∗0

αβ are obtained and saturated in modulus 
as 

i∗0

αβ =
2
3

V αβ
− 1

S
∗0
, V αβ =

[
vgαβ JT vgαβ

]
,

i∗0

αβ =

{

if ‖i∗0

αβ‖≤IN ;
IN

‖ i∗0

αβ‖
i∗0

αβ, if ‖ i∗0

αβ ‖> IN

(6)  

and references recomputed as [P∗ Q∗]
T
= 3

2 V αβ i∗αβ while powers as 

[P Q]
T
= 3

2 V αβ iαβ. PI controllers CP and CQ compute virtual control 
actions νP and νQ as 

Cj : νj = Kp,j (j∗ − j) + Ki,j

∫ t

0
(j∗ − j)dτ, j = {P,Q}, (7)  

where Kp,j and Ki,j are the proportional and integral gains (j = {P,Q}). 
Control actions are computed combining the PI feedback terms and 
feedforward ones as 

u0
P = V2

g +
2Lω

3
Q

⏟̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅ ⏟feedforward

+
2L
3

νP
⏟̅̅⏞⏞̅̅⏟feedback

, u0
Q =

2Lω
3

P
⏟̅̅ ⏞⏞̅̅ ⏟feedforward

−
2L
3

νQ
⏟̅⏞⏞̅⏟feedback

.

(8)  

Here, the saturation of the control action is defined as 

Fig. 3. GVM-DPC controller block diagram.  

Fig. 4. Proposed MIMO controller block diagram.  
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uPQ =

{

u0
PQ, if ‖u0

PQ‖<U2
sat;

u0
PQ

‖ u0
PQ‖

U2
sat, if‖ u0

PQ ‖>U2
sat (9)  

and both integral terms of PI controllers are frozen when saturation 
arises. Finally, control actions uαβ are restored as uαβ = V − 1

αβ uPQ and an 
inverse Clarke transformation leads to the voltage uabc to be applied. The 
design of the PI controllers is done attending the decoupled CL dynamics 
existing between references and real applied powers (when no satura
tions arise and assuming stiff grid), that is equivalent to the one in the 
VCC case (see [16]), leading to 

P(s)
P∗(s)

=
Kp,P s + Ki,P

s2 +

(

Kp,P +
R
L

)

s + Ki,P

,

Q(s)
Q∗(s)

=
Kp,Q s + Ki,Q

s2 +

(

Kp,Q +
R
L

)

s + Ki,Q

.

(10)  

3. Proposed approach 

Fig. 4 shows a block diagram of the proposed control alternative 
where the angle θ∗ for Clark-Park transformation is obtained integrating 
ω∗ = 2πf (with f the nominal grid frequency, i.e., 50 or 60 Hz), as θ∗ =
∫ t

0 ω∗t. Then, voltage and current measurements are transformed to the 
dq frame using θ∗, leading to vgdq and idq that are of oscillatory nature 
when ω∗ does not fit the grid frequency. Note that we distinguish be
tween two frequencies, namely: (i) grid frequency (ω) and (ii) rotating 
frequency of the dq frame (ω∗). ω∗ is constant whereas ω may change. If 
we define S ∗

= [P∗ Q∗]
T , current references are obtained and limited as 

in (1). The control action u0
dq is computed as a state feedback control 

with integral term 

qdq =

∫

⎛

⎜
⎜
⎜
⎝

(
i∗dq − idq

)
+ Kaw

(
uapp − u0

dq

)

⏟̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅⏟eudq

⎞

⎟
⎟
⎟
⎠

dt, (11a)  

u0
dq = Kr i∗dq + Kx idq + Kq qdq + Kff vgdq , (11b)  

udq = f
(

u0
dq

)
as in (4) (11c)  

uapp =
{

udq, if connected; vgdq , if not connected (11d)  

where uapp is the applied control action, qdq the integral of the error (i∗dq 

− idq) plus the AW term and gain matrices are ∈ R2×2. Matrices Kx and Kq 

are the proportional and integral gains, Kr weights i∗dq to reduce the 
overshoot and for improving the behavior under weak grids (we will 
detail this later) and Kff (identity matrix) is used in the voltage feed
forward term. The saturation mechanism for udq, as in VCC, keeps the 
angle of u0

dq. The anti-windup mechanism inspired in [20] is based on 
including the term Kaw (uapp − u0

dq) and its goal is to lead the integral term 
to a value such that the computed control action u0

dq tracks the real 
applied one uapp, that is equal to the one coming from the controller 
when the VSC is connected, or equal to the measured grid voltage vgdq in 
opened situations. In this way, we synchronize the voltages with the 
ones needed in the grid through the AW mechanism instead of the PLL 
approach in VCC. Furthermore, by this mechanism we also avoid the 
windup of the integral term qdq in saturation situations. 

3.1. Controller design 

For designing the above controller gain matrices, the dynamics in 

linear operation (with no saturations) and facing stiff grids is used, 
leading to 

ẋ = A x + B r i∗dq + B d vgdq , (12)  

where A = [[A − I]T[0 0]T ] + B u[Kx Kq], B u = [Bu 0]T, B r =

[BuKr I]T and B d = [Bd + BuKff 0]T , while A = − R
L I − ω∗J, Bu = 1

L I 
and Bd = − Bu. The extended state x includes both currents and integral 
terms: x = [iTdq qT

dq]
T. This dynamics can be obtained through standard 

state-space modelling of the grid and matrix manipulations (details 
omitted for brevity). Matrices Kx, Kq, and Kr can be designed with 
different techniques like pole placement or optimal control (LQR or H∞) 
to achieve a given performance [21]. 

3.2. Anti-windup design 

In saturation conditions (i.e., udq ∕= u0
dq) the controller dynamics (11) 

becomes 

q̇dq = i∗dq − idq + Kaw

(
uapp − u0

dq

)

u0
dq = Kr i∗dq + Kx idq + Kq qdq + Kff vgdq .

For design purposes, only the internal terms of the controller qdq, uapp 

and u0
dq are considered, assuming null i∗dq, idq and vgdq without lose of 

generality. Thus, the computed control action is u0
dq = Kq qdq, and the 

dynamics of qdq becomes 

q̇dq = − Kaw Kq qdq + Kaw uapp. (13)  

In steady state (i.e., q̇dq = 0) and under constant uapp it is easy to 
demonstrate that the computed control action u0

dq fits the applied one 
uapp, i.e., u0

dq = uapp. From (13) we have that dynamics of qdq depends on 
the eigenvalues of state matrix − KawKq. Therefore, once Kq is designed, 
the anti-windup design reduces to obtain matrix Kaw. One can set matrix 
Kaw as Kaw = − Λ K− 1

q , defining in that way the dynamics (13) as q̇dq =

Λ qdq. Then, the eigenvalues will be defined by the ones in Λ. A common 
practice is to assign a faster dynamics to this mechanism than the one 
achieved in closed-loop with the controller by assigning eigenvalues in Λ 
with a real part larger than the one in A in (12) 

3.3. Comparison with VCC and GVM-DPC approaches 

Table 1 shows a comparison of the proposed control strategy and the 
VCC and DPC regarding the next criteria: C1, use of a PLL; C2, decou
pling mechanism; C3, current limitation mechanism; C4, control action 
saturation mechanism; C5, anti-windup mechanism; C6, degrees of 
freedom. 

In VCC and DPC, under a fixed grid frequency that fits the one used in 

Table 1 
Comparison of the different control approaches.   

C1 C2 C3 C4 C5 C6 

VCC Yes − Lωid, 
Lωiq 

‖ i∗dq‖<IN ‖ u0
dq‖<Usat Standard Kp,id , 

Ki,id , 
Kp,iq , 
Ki,iq ∈ R 

DPC No 2/3 LωQ, 
2/3 LωP 

Modifying 
P∗ and Q∗

‖ u0
PQ‖<U2

sat Standard Kp,P, 
Ki,P, 
Kp,Q, 
Ki,Q ∈ R 

MIMO No No ‖ i∗dq‖<IN ‖ u0
dq‖<Usat MIMO 

anti- 
windup 

Kr, Kx, 
Kq, Kff , 
Kaw ∈

R2×2  

C. Diaz-Sanahuja et al.                                                                                                                                                                                                                        



Electric Power Systems Research 210 (2022) 108084

5

the decouplers, the references and disturbances can be considered 
almost constant in their frames. However, in our approach, as the in
ternal frequency ω∗ may not fit the grid one ω, the references and dis
turbances present a persistent oscillatory nature of frequency equal to 
difference ω − ω∗ (typically few mHz). This is something that our 
controller must tackle from the design phase. 

4. Robustness analysis under weak grids 

If we have a feedback system as in Fig. 5a, where T(s) and Δ(s) are 
two LTI stable systems, by using the small gain theorem we have that the 
feedback system will be stable if supω∈Rσ(Δ(jω))σ(T(jω))< 1 (where σ(⋅)
denotes maximum singular value of the frequency response). This in
dicates that a frequency-by-frequency fulfilment is sufficient to assure 
stability, so the frequency response of T− 1 gives us information on the 

allowed uncertainties that the loop can afford before becoming unstable 
[21]. For the stability analysis we model the following uncertainty 
sources for each of the three alternative power control techniques: 

Δ1: Errors in voltages measurements due to PLL and delays. 
Δ2: Errors in currents measurements due to PLL and delays. 
Δ3: Errors in decoupling terms due to the use of a constant ω value. 
Δ4: Errors in control action construction due to PWM. 
Δ5: WG induced feedback channel changing current references 
To establish the robustness implication of each uncertainty source, 

we must obtain the transfer function that expresses its effect on the 
system behaviour (T in Fig. 5a). To achieve that, we present a block 
diagram for each of the strategies that incorporates the mentioned un
certainties, and we point at the signals uΔi and yΔi (as in Fig. 5a) needed 
to obtain the corresponding TΔi transfer function. 

When obtaining the transfer function we take into account the short 
circuit capacity Scc of the grid (modelled with Lg in Fig. 1). With this, we 
can identify the limits of each strategy in weak grids. Hence, frequencies 
at which the values of σ(TΔi (jω)) are higher, imply that the uncertainty 
Δi at those frequencies should be lower to guarantee stability. On the 
other hand, if the frequency range where the uncertainty may appear is 
known and bounded, σ(TΔi (jω)) at that range should be lower than the 
inverse of the uncertainty. In the sequel, block diagram and matrix 
manipulation details to derive TΔi are omitted for space constraints. 

Fig. 5 b includes the considered uncertainties for the case of VCC 
control, while the resulting transfer functions that model the uncertainty 
interactions are shown in Table 2, where Sdq = (I + Gdq(Cdq − Ddq))

− 1, 

Fig. 5. Small gain theorem modelling needs and application to VCC.  

Table 2 
Interconnection transfer matrices in weak grid analysis.   

VCC DPC MIMO 

TΔ1 GgSdqGdq GT
g SS GS GgSpGp 

TΔ2 SdqGdq(Ddq − Cdq) SS GS (DS − CS ) SpGpCi 

TΔ3 DdqSdqGdq DS SS GS - 
TΔ4 (Gg + Ddq − Cdq)SdqGdq (GT

g + DS − CS )SS GS (Gg + Ci)SpGp 

TΔ5 GgSdqGdqCdq GT
g SS GS (DS − CS ) GgSpGpCi∗

Fig. 6. GVM-DPC approach block diagram in a weak grid.  
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being Gdq and Gg the transfer function matrices that model the converter 
and grid behaviours 

Gdq =

1
L

s2 + 2
R
L

s + ω2 +
R2

L2

((

s +
R
L

)

I − ωJ
)

,

Gg = Lg (sI + ωJ),

and Cdq and Ddq those matrices related to the PI controllers and decou
pling terms 

Cdq = L

⎡

⎢
⎢
⎢
⎣

Kp,id +
1
s
Ki,id 0

0 Kp,iq +
1
s
Ki,iq

⎤

⎥
⎥
⎥
⎦
,

Ddq = LωJ.

Fig. 6 includes the considered uncertainties for the case of GVM-DPC 
control, while the uncertainty interactions are shown in Table 2, where 
SS = (I + GS (CS − DS ))

− 1 being GS and Gg the transfer matrices that 
model the converter and the grid 

GS =

3
2L

s2 + 2
R
L

s + ω2 +
R2

L2

⎡

⎢
⎢
⎢
⎢
⎣

s +
R
L

ω

ω −

(

s +
R
L

)

⎤

⎥
⎥
⎥
⎥
⎦
,

Gg = Lg (sI + ωJ),

and CS and DS those matrices modelling the PI controllers and 
decoupling terms 

CS =
2L
3

⎡

⎢
⎢
⎢
⎢
⎣

Kp,P +
1
s
Ki,P 0

0 −

(

Kp,Q +
1
s
Ki,Q

)

⎤

⎥
⎥
⎥
⎥
⎦
,

DS =
2L
3

[
0 ω

ω 0

]

.

Fig. 7 includes the considered uncertainties for the case of MIMO 
control, while Table 2 shows the resulting interactions, with Sp =

(I − GpCi)
− 1 being Gp and Gg the transfer function matrices that model 

the converter and grid behaviours 

Gp =

1
L

s2 + 2
R
L

s + ω∗2 +
R2

L2

((

s +
R
L

)

I − ω∗J
)

,

Gg = Lg (sI + ωJ).

and Ci∗ and Ci those transfer function matrices modelling the MIMO 
controller 

Ci∗ = Kr +
1
s
Kq, Ci = −

(

Kx +
1
s
Kq

)

.

5. Simulation results 

VCC, GVM-DPC and MIMO proposal are compared in this section by 
means of MATLAB/Simulink simulations. System parameters are shown 
in Table 3 [16]: 

PI controllers are designed with CL poles − 400 ± 400j leading to 

Kp = 760, Ki = 3.2⋅105,

where Kp = Kp,id = Kp,iq = Kp,P = Kp,Q and Ki = Ki,id = Ki,iq = Ki,P = Ki,Q. 
MIMO controller has been designed first to have the same poles and 
zeros than VCC and GVM-DPC, leading to controller MIMO1 defined by 

Kx = L
(
− Kp I + ω∗J

)
= − 3.8 I + 1.57 J,

Kq = L Ki I = 1600 I,
Kr = L Kp I = 3.8 I  

The anti-windup has been designed to be 5 times faster than the CL 
behaviour leading to Kaw = 1.25 I. We have also designed other MIMO 
controllers (number 2 and 3) by using only a different matrix Kr (♯2: 
Kr = 1.9 I, ♯3: Kr = 0).  

S1: Tracking power references 
Fig. 8 a shows the behaviour of the five control approaches for 

tracking power references showing a settling time of 10 ms. Decoupling 
terms in the control laws in VCC and GVM-DPC or the proposed MIMO 
approach itself make the controlled system behave decoupled. As the 
first three controllers have been designed for having the same CL poles, 
their time responses appear superimposed. The last two controllers show 
a lower overshoot due to a lower value in Kr. 

Fig. 7. MIMO proposal block diagram in a weak grid.  

Table 3 
Parameters used in simulations.  

Parameter Value Parameter Value 

VSC nominal power 2 kVA Nominal frequency f 50 Hz 
Nominal grid voltage 

(rms) 
110 V Voltage saturation 

Usat 

1.2 p.u. 

Resistance R 0.2 Ω (0.011 p. 
u.) 

Rated current IN 1 p.u. 

Inductance L 5 mH (0.08 p.u.)    
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Fig. 8. Behavior tracking power references (a) and facing a voltage sag of 70% (b).  

Fig. 9. Power and current tracking when there are frequency deviations.  

Fig. 10. Errors due to grid voltage deviations.  
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S2: Voltage sag (70%) 
Fig. 8 b shows the behaviour of the three control approaches (VCC, 

DPC and MIMO1) when at time t = 40 ms the grid has a voltage sag of 
70%, i.e., the magnitude of the grid voltage drops from 1 to 0.3 p.u. It 
can be seen that all approaches lose the control of both, active and 
reactive powers, but all of them have an effective current limitation as a 
protection mechanism. Time responses appear almost superimposed and 
currents remain smaller than 1 p.u. (in absolute value). 

S3: Frequency deviations 
Fig. 9 a shows the behaviour of the first three control approaches 

when, at time t = 0.1 s, there is a change of 2 Hz in the grid frequency 
from the nominal value of 50 Hz to 48 Hz with a rate of change of fre
quency (RoCoF) of 2 Hz/s. Although it is a much larger frequency de
viation that a power grid will experience, it allows to compare the three 
control strategies. GVM-DPC approach shows the fastest transient 
response with the minimum error. VCC has a slower transient response 
because of the use of the PLL, thus, its performance depends on the PLL 
design. Both alternatives has no steady-state error. Finally, the MIMO1 
proposal presents some steady-state error (less than 0.002 p.u.). When 
there is a deviation between the real grid voltage frequency and the fixed 
one used by the converters, the current references i∗dq are not constant 
signals but they are sinusoidal ones of frequency equal to the difference 
between the real frequency and the nominal one used by converters for 
doing the Clarke-Park transformations. Similarly, ud and uq are also si
nusoidal signals of the same (slow) frequency (only 2 Hz). The MIMO 
and PI controllers can track constant references but not sinusoidal ones 
with null steady state error. As it is shown in Fig. 9b there exist little 
errors that we will measure as eid = i∗d − id, eiq = i∗q − iq and eidq = ‖ i∗dq‖ −

‖ idq‖. The magnitude of steady state errors when there are deviations in 
grid frequency from its nominal value depends on the controller design. 
The faster is the controller, the smaller is the steady-state error. The 
tracking error will depend on the frequency response of the CL transfer 
function from i∗d to id evaluated at the frequency deviation. Fig. 10a 
shows the Bode diagram of that transfer function and we see that,both, 
magnitude and phase errors are negligible for the possible common 
frequency deviations. 

For this particular case, Fig. 10b shows steady state errors ΔP and ΔQ 
in tracking active and reactive powers for different values of the de
viations in the grid frequency Δf and for different operation points (i.e., 
different combinations of P∗ and Q∗). As we can see, in the worst case, 
these errors are smaller than 0.002 p.u. Moreover, for grid-connected 
converters, frequency deviations with respect to the rated frequency 
are usually much more smaller than 2Hz, usually only a few miliherzts. 
For instance, for a deviation of 100 mH, power reference tracking errors 
are smaller than 10− 4 p.u and it could be avoided with an outer power 
control loop [17]. These errors are comparable to the ones obtained 
when a stationary frame along with proportional-resonant (PR) con
trollers are used. Given that PR controllers are designed to track refer
ences at a specific frequency, there will also be a current tracking error 
in case of grid frequency deviations. 

S4: Weak grid 
We test now the five controllers in a WG simulated with the grid 

impedance Lg = 0.5 p.u., and the short-circuit ratio is SCR = 2. For the 
robustness analysis, we assume that the PLL in VCC implies an error in 
the measurement of the frequency in the order of 102 − 103 rad

s , the 
delays in measurements errors in the frequency range of the sampling 
frequency, normally in the order of 105 rad

s , and the delays for voltage 
reconstruction in the PWM, in the order of 104 rad

s . 
Fig. 11 shows the maximum singular values σ of the frequency 

response of the transfer functions TΔi (i = {1,…,5}) for the five 
controllers. 

The first thing to notice is that the VCC strategy, and the MIMO1 
present the same frequency response for all uncertainties. The technique 
of DPC has also the same frequency response against uncertainty 
channels 2 and 3, but differs in the others. This difference is due to the 
uncertainty channel included in the analysis, that refers to variations on 
the square of the voltage instead of the voltage itself. 

From the plots that show σ(TΔ1 ) and σ(TΔ2 ) in Fig. 11 we notice that 
all the techniques support better high frequency measurement errors 
(due to delays) than middle frequency ranges (in the order of 103 rad

s ). 
This is where one notices that the VCC can become unstable due to the 

Fig. 11. Maximum singular values of TΔi .  
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use of the PLL as, at that frequency, only errors in the order of 10% will 
be allowed. 

From the plots that show σ(TΔ3 ) in Fig. 11 we see that the uncertainty 
associated to the decoupler has low values in the singular value plot, 
meaning that this is not a main source of instability. However, the fre
quencies in which the effect is most amplified is in the order of 103 rad

s . 
One may have that error if the grid frequency value used in the decou
plers is computed from the one obtained in the PLL. This suggests to 
avoid the use of the measured ω in the decoupling terms in control 
techniques VCC and DPC, and, instead, use a nominal constant value. 

From plot that show σ(TΔ4 ) in Fig. 11 we see that PWM voltage 
reconstruction can be a problem that destabilizes the loop in VCC 
technique. The faster frequencies related to the PWM affect in an 
equivalent way to all the techniques. 

The feedback channel through uncertainty Δ5 and quantified in the 
bottom graph of Fig. 11 shows that in the case of VCC and MIMO1, it can 
accept a feedback with maximum static gain in the order of 1/ 
9.4=0.106. We have seen, for instance, in the VCC case, that this feed
back channel has static gains in the order of 2P

3V2
g
∈ [0,0.055] (depending 

on the operation point) and, thus, the system will remain stable. Finally, 
we see that using lower values in matrix Kr (controllers MIMO2 and 
MIMO3) allows increasing the allowable Δ5 uncertainty, thus, 
improving the behavior under weak grids. We see also that the value of 
Kr does not affect the rest of uncertainty channels. 

In order to focus the controllers design on facing weak grids, we can 
obtain the gains through the following optimization procedure 

minimize
K

maxσ
(
TΔ5

)
; subject to: maxRe(λi) < − 400,

where K refers to the controller gains of each approach, and where we 
have fixed the same real part of the poles as in the initial controllers for 
comparison. With this, the optimized PI controllers for operating in a 

weak grid with SCR=2 are defined by Kp = 760 and Ki = 1.6 105 for VCC 
and GVM-DPC approaches and by 

Kx =

[
5.3443 2.3673

− 1.5829 5.4379

]

,

Kq =

[
1600 11

3 1600

]

,

Kr =

[
0.079 0.7471

0.6913 0.079

]

, .

for MIMO proposal. Fig. 12 shows the frequency response of TΔ5 , where 
we appreciate lower magnitude, showing a better performance when 
facing weak grids. We see that the highest robustness is achieved by 
means of the MIMO approach, thanks to have more degrees of freedom. 

In this situation, saturation and anti-windup mechanisms come into 
play (Fig. 13b). In particular, the bottomed graph shows that the errors 
between applied and computed control actions eud = ud − u0

d and euq =

uq − u0
q go to zero in 2 ms, i.e., 5 times faster than current controller. 

Fig. 13a shows the behavior of the first three controllers for SCR = 2 
when a step change in P∗ is produced. As it is shown, VCC and GVM-DPC 
methods become unstable while our MIMO1 not. 

6. Conclusions 

In this work, we have proposed a multivariable (MIMO) control 
strategy for power control of grid-connected VSC without using a PLL, 
and, thus, avoiding the dynamic interaction that appears in weak grids. 
We face our control problem in a dq frame, and avoiding the PLL gen
erates internal oscillating signals that our controller tackles thanks to 
having extra degrees of freedom w.r.t. standard PI plus decoupling 

Fig. 12. Comparison of σ(TΔ5 ) for original and optimized controllers.  

Fig. 13. Step change in P∗ when VSC is connected to a weak grid with SCR=2.  
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control. Futhermore, we include reference weighting factors that help us 
to face weaker grids w.r.t. VCC and GVM-DPC. We also include an AW 
mechanism that avoids the problems of other standard approaches when 
extended to PI control with decouplers (as in VCC or GVM-DPC), and 
that also faces the synchronization in the absence of a PLL. With a small 
gain theorem based approach we have analysed the different un
certainties that may lead to instabilities, and has also helped us to 
demonstrate our improvement when facing weak grids. 

CRediT authorship contribution statement 

Carlos Diaz-Sanahuja: Writing – original draft, Writing – review & 
editing, Software, Investigation, Methodology, Conceptualization, 
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