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Abstract

One of the present barriers to the widespread use of Modular Multilevel Converters (MMC) is the complexity
of its control with respect to its predecessors. This paper presents a simple procedure to tune the current and
energy control loops of the MMC, based on standard PI controllers and resembles control tuning approaches
commonly used for 2-Level Voltage Source Converters (2L-VSC). The control design is based on a recently
proposed simplified model of the MMC which is able to accurately represent the interface variables dynamics
on the ac- and dc-side, which are considered as the main variables of concern from a macroscopic point of view.
Furthermore, the tuning methodology guarantees the stable behaviour and correct tracking of the states. The
paper presents simulation results of a typical case under the proposed tuning procedure.

1 Introduction

High-Voltage Direct-Current (HVDC) links are an attractive solution for integrating offshore wind power located
far from the shore [6]. This is particularly the case in the North Sea, where the long distances between the
offshore wind power generation and the onshore loads make the HVDC interconnection the preferred choice over
the HVAC one. Furthermore, HVDC networks will be more and more based on Voltage Source Converter (VSC)
technology, due to the possibility of reversing the power flow without voltage polarity reversal and independent
controllability of active and reactive powers. In this context, the Modular Multilevel Converter (MMC) depicted
in Fig. 1 is establishing itself as the most suitable converter topology due to its improved harmonic ac-voltage
output, avoiding the need of installing harmonic filters [1], its lower losses and scalability associated to its modular
structure [11].

The increased complexity of its control related to its additional internal energy and current dynamics has
been considered a disadvantage compared to the well established 2L-VSC. This paper aims to contribute to
decrease the inherent complexity of the MMC control design. This is done by presenting a simplified tuning
strategy based on modulus and symmetrical optimum techniques [2], which can significantly ease the design of
the control loops. Moreover, an additional inner loop tuning method is considered for regulating the converter
currents based on the pole placement technique and is compared with the modulus optimum.

For both of the tuning strategies, a simplified model of the MMC suited for large-power-system oriented
studies is being considered, where only the interface variables at the dc- and ac- side are taken into account in
addition to the governing power balance associated to the converter distributed energy storage, following what
has been presented in [5, 9, 12].

The paper is organized as follows. Section 2 describes the MMC model used and the controllers modulus
optimum plus symmetrical optimum, and pole placement plus symmetrical optimum. The point-to-point HVDC
topology is addressed in section 3. The results are presented in 4. Finally, the conclusions are in section 5.
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2 MMC model and controller design

The dynamics of the simplified MMC depicted on the right hand side of Fig. 1 are represented in the synchronous
reference frame by the set of equations (1)-(3), where i = id + j · iq is the ac current in the synchronous reference
frame, E = Ed + j ·Eq is the voltage driving the ac-grid current of the MMC, while v = vd + j · vq is the voltage
at the point of common coupling.

L
di

dt
= E− v−Ri− j · ωLi (1)

Ldc
didc
dt

= −Rdcidc + vdc − 2ucz (2)

dWz

dt
=

(
2ucz

idc
3
− 1

2
<(E∗ i)

)
(3)

Moreover, the ac equivalent inductance and resistance are defined as L = Lf + La/2 and R = Rf + Ra/2,
respectively; where Lf and Rf are respectively the ac output filter equivalent inductance and resistance, and
La and Ra are the equivalent inductance and resistance of the MMC arm inductor. The zero sequence energy
Wz is derived from the addition of the energy of the aggregated sub-module voltages (i.e. the voltage at the
upper and lower arms). After this mathematical operation the energy equations in abc are added and divided by
3, following the procedure shown in [5, 9]. This variable can be used to accurately represent the power balance
between the dc and ac interfaces of the converter in a simplified way. In addition, idc represents the dc current
flowing into the converter dc terminals, and can sometimes be expressed as a third of the zero-sequence circulating
current icz. An equivalent MMC dc-side inductance and resistance can be conveniently defined as Ldc = (2/3)La
and Rdc = (2/3)Ra, respectively. Finally, ucz is the zero sequence voltage driving the zero-sequence circulating
current icz. The reader is referred to [5] for the full details of the modelling approach.
From [5] and (1)-(3), it is possible to derive the pu simplified MMC system defined by the equations (4)-(6),

Lpu
ωb

dipu
dt

=Epu − vpu − jωpuLpuipu −Rpuipu (4)

Ldcpu
ωb

didcpu
dt

=−Rdcpuidcpu + vdcpu − 2uczpu (5)

dWzpu

dt
=

ωb
8Ceqpu

(
2uczpuidcpu −<{E∗

puipu}
)

(6)

where the base value for the apparent power is Sb = 3vb/2ib. The base frequency is fb and base electrical speed
ωb = 2πfb, the base impedance is defined as Zb = vb/ib, the base inductor is Lb = Zb/ωb, the base capacitor is
Cb = 1/(Zbωb). At the dc side the following base system is used; the dc power base is Pdcb = Sb, with the dc
base voltage as vdcb = 2vb, the dc base current is idcb = 3

4 ib, the base impedance is defined as Zdcb = vdcb/idcb,
using the dc base inductor Ldcb = Zdcb/ωb and the base dc capacitor is Cdcb = 1/(Zdcbωb). The energy base of the
system can be calculated as Wb = Sb/ωb. Finally, the single phase reference energy is Wref = 2 ∗ narmsCeqV 2

b ,
where narms is the number of arm per leg of the MMC.

2.1 Controller design

The simplified MMC is controlled with multiple loops in a cascaded structure, as shown in Fig. 2. First, the
reference of the active component of the ac grid current i∗d is calculated by an outer loop controller to regulate
the energy Wz to its reference value W ∗

z . In addition, the reference of the reactive component of the ac current i∗q
is set to zero. Both the active and reactive components of the ac current are regulated to follow their respective
references by means of an inner loop controller. The second part uses a single current control loop to regulate
the current icz to a desired reference i∗cz, which imposes the power transfer of the converter.
The basic controller used for the MMC in this paper is the PI controller given its success in the power electronic

industry [10], and it will be shown how it can be applied both to the current and energy controllers of the MMC.
The standard model used in the PI based control of power electronics is shown in Fig. 3, where Yref is the
reference value, Y is the output of the system, U is the controller output, D is a disturbance term, and Kp and
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Figure 1: Complete model (left) and Energy based simplified model (right) of the MMC.
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Figure 2: Block diagram control strategy of the simplified MMC.

Ki are the proportional and integral gains, respectively. For the block representation, the PI controller can be
shown in the Laplace domain as:

U = (Kp +
Ki

s
)(Yref − Y )−D. (7)

2.2 Modulus optimum and lead compensator

The system to be controlled by the current regulators takes the general form shown in (8) [2],

H(s) =
k

(1 + sT )(1 + sTf )
, (8)

where H(s) is a general second order transfer function and is used to represent the current dynamics for the ac
and dc side with the dynamics of the switches and measurement filters of the MMC converter. The time constant
Tf represents the dynamics of the filters and modulation in the converter, T represents the dominant pole of the
system, while k is a generic constant. The poles of the system are real and it can be assumed that T >> Tf .
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Figure 3: Block diagram in the Laplace domain for standard control in power electronics.

For the ac current side system k = 1/Rpu and T = Lpu/(ωbRpu). Furthermore, the dc side current loop uses
k = 1/Rdcpu and T = Ldcpu/(ωbRdc).
The use of modulus optimum from [2] gives a proportional plus integral controller structure for the system in
(8). Therefore, the controller is Gc(s) = Kp +Kp/(sTi) = Kp +Ki/s. According to this strategy, the final values
of the controller are:

Kp =
T

2Tfk
, Ti = T, Ki = Kp/Ti. (9)

Finally, the closed loop transfer function of the inner system is:

Hcl(s) =
0.5

T 2
f s

2 + Tfs+ 0.5
(10)

The second order system in (10) can be approximated by a first order system of the form Hap(s) = 1/(Teqs+1)
(see Fig. 4). Taking Teq = 2Tf , then a control strategy as the lead compensator, also known as ’symmetrical
optimum’, can be applied to the outer system which represents the energy Wz. The lead compensator in [7] is
designed for the systems with open loop transfer function as in (11).

Holout(s) = Kp
(s+ z)

s

1

s+ p

b

s
, (11)

where Wzpu in (6) has the form of an integrator model in Laplace domain. This system has transfer function
Hp(s) = b/s, which represents the energy Wzpu model with b = ωb/(8Ceqpu). The internal current loop used to
balance the power is the ac current system (i.e. the output of the energy controller is the reference current for
the direct axis). The controller can be written as Gc(s) = Kp

s+z
s and is in the form of a PI controller. Moreover,

the equivalent inner system is Hap(s) = 1
p+s , with p = 1/Teq (see Fig. 4). Finally, z is chosen as z = p/α where

the gain α is an input from the designer that complies with α > 1. The controller is designed with the set of
equations:

ωm =
√
zp, Kp =

ωm
b
, (12)

where, ωm is the geometric mean of the zero and pole, while the phase margin φm is the maximum phase angle
achieved, which is in turn dependent on the selected α. It can be calculated using sin(φm) = α−1

α+1 . In this work
α = 6 is used, corresponding to a phase angle of φm = 45.58 degrees.

2.3 Pole placement and lead compensator

The direct, quadrature and dc current systems can be represented in a general form as in (13), which is the equiv-
alent transfer function of the voltage across the series resistor and inductor. It can be seen as an approximation
of (8) using the dominant pole T .

Hdom(s) =
c

s+ a
(13)

In (13), c = ωb/Lkpu is a parameter depending on the inductance used in equations (4) and (5) (i.e. the inductor
Lkpu is Lpu for the ac side or Ldcpu for the dc side and used for each PI controller tuning) [2, 10]. In addition,
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Figure 4: Closed loop systems and their use on the control strategy.

the parameter a = ωbRkpu/Lkpu depends on the inductance and resistance of each terminal of the converter. In
order to obtain the controller parameters, the standard second order characteristic polynomial equation (14) is
used.

A(s) = s2 + 2ρωos+ ω2
o (14)

where ωo determines the response speed and ρ is the damping ratio which determines the shape of the response.
The characteristic polynomial of the closed loop controlled system is s2 + (cKp + a)s+ cKi. Moreover, identifying
the coefficients of (14) and the closed loop of the controlled system, the controller gains in (15) and (16) are
obtained.

Kp =
2ρωo − a

c
(15)

Ki =
ω2
o

c
(16)

In order to obtain a good damped response, the damping parameter is set to ρ = 1.1 and the natural frequency
to ωo = βa, with a gain β > 1. The tuning of the controllers by pole placement in this paper uses β = 5.

The outer loop (i.e. the energy controller) uses the lead compensator described in the previous subsection.
In this closed loop the equivalent time constant is evaluated as Teq = 2/(ρωo).

3 Case study: point-to-point HVDC link

The MMC-HVDC topology used for the test of the controllers is presented in Fig. 5. It is based on the recom-
mendations of the CIGRE guide for HVDC grids [3]. For this test a monopole configuration is employed. The
currents idck are the current at terminals of the simplified MMC as defined in section 2, ilok is the current going
in the station and k is used for the k-th node of the point-to-point link. Furthermore, Cpk is the pole capacitor
at each node. Each simplified MMC converter has the structure described in Fig. 1. In addition, the cable
model uses the structure defined in [4] and takes the frequency variation of the parameters into account. This
parametric frequency dependence is represented by means of multiple parallel RL-branches as shown in Fig. 5,
where Rlm and Llm are the series resistor and inductor per branch respectively, with m ∈ {1, 2, 3}. Finally, Cl
and Gl are the capacitor and conductance of the line, respectively.

The power equation of the dc link at each node is described in (17) based on the energy stored in Cdck. The
input power is Plok = vdckilok, while the converter power at the dc link is Pdck = vdckidck. Equation (18) presents
the per unit system. The controller configuration has been applied as recommended in [10].
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Figure 5: Point-to-point link.

Table 1: Parameters of the MMC simplified model.
Parameter value

Ra 0.6017 [Ω]
La 30.6000 [mH]
Rf 0.6438 [Ω]
Lf 78.2000 [mH]
Cp 150 [uF]
Ceq 21.1600 [uF]

1

2
Cdck

dv2dck
dt

= Plok − Pdck (17)

Cdcpuk
2ωb

dv2dcpuk
dt

= Plopuk − Pdcpuk (18)

Using the solution from [10] to control vdck in (18), the power reference Pdcpuk∗ sent to the converter is shown
in the Laplace domain in (19). The PI controller is designed with the method used in subsection 2.2. The system
uses feed-forward of the input power through a low-pass filter Hdc(s).

Pdcpuk∗ = Hdc(s)Plopuk −
(
Kp

s+ z

s

)
(v2dcpuk ∗ −v2dcpuk) (19)

The controller parameters can be found using the lead compensator design described in subsection 2.2. In this
case the parameter b = (2ωb)/Cdcpuk and p are selected based on the controller used in the dc current inner
loop. In case the modulus optimum is applied, then Teq = 2Tf . When the pole placement dc current controller
is applied, then Teq = 2/(ρωo) as described in subsection 2.3.

4 Simulation results

The application of the proposed tuning techniques to both MMCs used on the HVDC link of Fig. 5 is analysed.
The goal is to use MMC 1 in a master configuration, by controlling the voltage between its dc terminals. By
contrast, MMC 2 is controlled in a slave configuration, where it regulates the power consumed by the systems
by means of the dc current regulation. The energy Wz is regulated at the same time around a set point in both
converters. The base apparent power is Sb = 1200 MVA and the base voltage is Vb = 400 kV. Table 1 presents
the parameters of the MMC. The switching signals and measurement filters for this type of system are in the
range [0.5 − 10] kHz. A cut-off frequency of fco = 2 kHz has been selected, implying Tf = 1/(2πfco). The
approximations on the ac system used for the procedures above are compared with the normal models of (8)
and the resulting closed loop transfer function of each procedure. The approximations for the case of modulus
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Figure 6: Approximations of the models used in the design of the modulus optimum and lead compensator.
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Figure 7: Approximations of the models used in the design of the pole placement and lead compensator.

optimum and lead compensator are shown in Fig. 6. Initially, the closed loop Hcl in (10) (black curve) is
compared with the approximated model Hap (yellow curve). It is shown that they are close below the 103 rad/s,
and that Hap has cut-off frequency 1/(2Tf ).

The approximations for the case of pole placement and lead compensator are shown in Fig. 7. First, the
approximation of the close loop current controller with pole placement used in subsection 2.3 is Hap. The second
comparison is with the approximation in subsection 2.3 between (8) and (13). It is shown in both cases that
the frequency responses are very close at low frequencies (i.e. for large magnitudes), and they differ when the
frequency is around 104 rad/s.

Figure 8 and Fig. 9 show the closed loop frequency response of the inner and outer loop. The bandwidth for
the controllers is shown as well. The current controller presents a faster dynamic than the external loop (HclWz

and Hclvdc). The dc current closed loop presents a similar behaviour than the ac current closed loop.

4.1 Point-to-point link with modulus optimum and lead compensator

In this subsection the controllers parameters are calculated with the modulus optimum for the current controllers
and the lead compensator for the energy Wz controller in both converters. The voltage is controlled by the master
converter and the parameters of the controller are calculated with the lead compensator. The time response of
the system is shown in Fig. 10 and Fig. 11. The selected transient shows the behaviour of the currents and the
tracking of the references. Moreover, the signals overlap during the transient shown. The simulation presents
two step changes in the current at the dc side to represent the power injection with the MMC 2 (slave). In
Fig. 11 the successful regulation of Wz and vdc is shown, where the MMC 1 is in charge of the regulation of
the voltage at the node 1. The controller of Wz in each converter sends the current reference for the ac inner
controllers (Fig. 10). Therefore, the power is balanced between the ac and dc sides in each converter.
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Figure 8: Energy, dc voltage and current closed loop frequency response with modulus optimum and lead
compensator.
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Figure 9: Energy, dc voltage and current closed loop frequency response with pole placement and lead compen-
sator.

4.2 Point-to-point link with pole placement and lead compensator

The final test applies the pole placement technique on the current controllers and the lead compensator as
described in subsection 4.1. The time response of the system is shown in Fig. 12 and Fig. 13. Moreover, the
test is as described before with two time steps in the power injected by the slave MMC at node 2. In this case
an overshoot can be observed from the regulation of Wz and vdc (Fig. 13). This overshoot can be reduced by
increasing β, which makes faster the internal current controllers.

5 Conclusion

Two simple techniques to tune the controller parameters in a PI-based cascaded structure have been evaluated
on a simplified MMC model that accurately captures the dynamical behaviour between its dc and ac terminals.
The implemented tuning strategies are based on the natural time constants of the currents in the ac and dc side
circuits of the simplified MMC model, as well as on the power balance equation represented by the aggregated
capacitive energy dynamics of the converter. In general, the modulus optimum controller includes the dynamics
of the different digital filters and measurement equipment. By contrast, the pole placement uses the time constant
of the passive filter elements of the MMC.

The two different control tuning techniques were presented on a case scenario consisting on a point-to-point
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HVDC system interconnected by a cable model able to capture the frequency dependence of the parameters. It
is possible to get better performance of the current control with the pole placement method by increasing the β
tuning parameter. It is important to highlight that during the design stage of the controller, the choice of the
technique can be based on the available information of the system. For instance, a designer without information
about the filter could not tune the controller using the modulus optimum. Hence, this designer can apply the
pole placement strategy.
The second-order to first-order transfer function approximations that have been used in the tuning procedure
has been validated with a comparison of the frequency responses, as discussed in the simulation result section.

6 Acknowledgement

This project has received funding in the framework of the joint programming initiative ERA-Net Smart Grids
Plus, with support from the European Union’s Horizon 2020 research and innovation programme and Research
council of Norway.

Appendix

6.1 Parameters of the dc cable

The cable model in the point-to-point link is based on [8], the parameters are listed in Table 2.
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