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MMC Small-Signal Modelling

Introduction

Problem Formulation

— Context: Multi-Terminal HVDC Offshore grids.

• Focus on the Modular Multilevel Converter.

— General Objective: Converter interoperability.

• Stability & Performance.

— Specific Objective: Development of

small-signal MMC models to assess stability .

— Constraint: Compatible with more traditional
power system small-signal models:

• Linear Time Invariant (small-signal)
models;

• i.e., stability is assessed via traditional
eigenvalue methods.
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MMC Small-Signal Modelling

MMC Modelling for Time-Invariance

Overview on modelling approaches

fsw(t)

Steady-State Time-Periodic (SSTP)

MMC Switching/
Discontinous

Models

IGBT+

Diode

Ideal

Switches

Switching

Function

ON/OFF

Resistors

A
ve
ra
gi
n
g

(
S
im

p
li
fi
c
a
t
io

n
)

MMC Averaged Continous
Model in ‘abc’ Coordinates

m
U,L
j

(t) Continous
Insertion Indexes

Continous non-linear
State-Space representation

d
dt
xabc=f

(
xabc,uabc, t

)

T
r
a
n
s
fo

r
m

a
t
io

n
S
im

p
li
fi
c
a
t
io

n
s

M
in

o
r Non-Linear State-Space

Models with SSTI

d
dt
xdqz=f

(
xdqz ,udqz

)

(presentation focus)

Linearized Small-Signal
State-Space Models

d
dt
∆xdqz=A (x0)∆xdqz

Steady-State Time-Invariant (SSTI)

L
in
ea

ri
za

ti
o
n

• Explicit representation of sub-
modules and switching events

• Suitable for Electro-Magnetic
Transient (EMT) simulations

• Assumes ideal capacitor voltage
balancing

• Equivalent arm capacitance and
continuoustime averaged arm volt-
ages

• Suitable for analysis and design of
controllers

• Analysis of state-space models in
timeperiodic framework

• Derived from average model in
stationary ‘abc’ coordinates

• Non-linear system analysis and
control design requiring con-
stant variables in steady-state

• Prerequisite for linearization at
equilibrium

• Valid for a small region
around the linearization point

• Analysis of system dynamics
and stability by traditional
eigeinvalue-based methods

. . .+B (x0)∆udqz

Solution

— A time-invariant MMC model cannot be achieved with a single Park transformation

• ...due to the multiple frequency components in its variables at steady-state.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 4 / 16



MMC Small-Signal Modelling

MMC Modelling for Time-Invariance

Overview on modelling approaches

fsw(t)

Steady-State Time-Periodic (SSTP)

MMC Switching/
Discontinous

Models

IGBT+

Diode

Ideal

Switches

Switching

Function

ON/OFF

Resistors

A
ve
ra
gi
n
g

(
S
im

p
li
fi
c
a
t
io

n
)

MMC Averaged Continous
Model in ‘abc’ Coordinates

m
U,L
j

(t) Continous
Insertion Indexes

Continous non-linear
State-Space representation

d
dt
xabc=f

(
xabc,uabc, t

)

T
r
a
n
s
fo

r
m

a
t
io

n
S
im

p
li
fi
c
a
t
io

n
s

M
in

o
r Non-Linear State-Space

Models with SSTI

d
dt
xdqz=f

(
xdqz ,udqz

)

(presentation focus)

Linearized Small-Signal
State-Space Models

d
dt
∆xdqz=A (x0)∆xdqz

Steady-State Time-Invariant (SSTI)

L
in
ea

ri
za

ti
o
n

• Explicit representation of sub-
modules and switching events

• Suitable for Electro-Magnetic
Transient (EMT) simulations

• Assumes ideal capacitor voltage
balancing

• Equivalent arm capacitance and
continuoustime averaged arm volt-
ages

• Suitable for analysis and design of
controllers

• Analysis of state-space models in
timeperiodic framework

• Derived from average model in
stationary ‘abc’ coordinates

• Non-linear system analysis and
control design requiring con-
stant variables in steady-state

• Prerequisite for linearization at
equilibrium

• Valid for a small region
around the linearization point

• Analysis of system dynamics
and stability by traditional
eigeinvalue-based methods

. . .+B (x0)∆udqz

Solution

— A time-invariant MMC model cannot be achieved with a single Park transformation

• ...due to the multiple frequency components in its variables at steady-state.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 4 / 16



MMC Small-Signal Modelling

MMC Modelling for Time-Invariance

Overview on modelling approaches

fsw(t)

Steady-State Time-Periodic (SSTP)

MMC Switching/
Discontinous

Models

IGBT+

Diode

Ideal

Switches

Switching

Function

ON/OFF

Resistors

A
ve
ra
gi
n
g

(
S
im

p
li
fi
c
a
t
io

n
)

MMC Averaged Continous
Model in ‘abc’ Coordinates

m
U,L
j

(t) Continous
Insertion Indexes

Continous non-linear
State-Space representation

d
dt
xabc=f

(
xabc,uabc, t

)

T
r
a
n
s
fo

r
m

a
t
io

n
S
im

p
li
fi
c
a
t
io

n
s

M
in

o
r Non-Linear State-Space

Models with SSTI

d
dt
xdqz=f

(
xdqz ,udqz

)

(presentation focus)

Linearized Small-Signal
State-Space Models

d
dt
∆xdqz=A (x0)∆xdqz

Steady-State Time-Invariant (SSTI)

L
in
ea

ri
za

ti
o
n

• Explicit representation of sub-
modules and switching events

• Suitable for Electro-Magnetic
Transient (EMT) simulations

• Assumes ideal capacitor voltage
balancing

• Equivalent arm capacitance and
continuoustime averaged arm volt-
ages

• Suitable for analysis and design of
controllers

• Analysis of state-space models in
timeperiodic framework

• Derived from average model in
stationary ‘abc’ coordinates

• Non-linear system analysis and
control design requiring con-
stant variables in steady-state

• Prerequisite for linearization at
equilibrium

• Valid for a small region
around the linearization point

• Analysis of system dynamics
and stability by traditional
eigeinvalue-based methods

. . .+B (x0)∆udqz

Solution

— A time-invariant MMC model cannot be achieved with a single Park transformation

• ...due to the multiple frequency components in its variables at steady-state.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 4 / 16



MMC Small-Signal Modelling

MMC Modelling for Time-Invariance

The Modular Multilevel Converter
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— Variables in U -L coordinates.

iUabc Upper arm currents
iLabc Lower arm currents
vUabc Upper arm voltage
vLabc Lower arm voltage
mUabc Upper modulation indices
mLabc Lower modulation indices

— Variables in Σ-∆ coordinates.

iΣabc Circulating currents
i∆abc Grid currents
vΣ
abc Arm voltage sum
v∆
abc Arm voltage difference

mΣ
abc Modulation indices sum

m∆
abc Modulation indices difference
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zero-sequence component of a Park transformation.
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• Independent of the control signal & modulation

• Captures all? the nonlinear dynamics
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MzDcos (3ω) + Î∆
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MzDsin (3ω) − Î∆
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Mdq

Cσ
d

dt
v
∆
zDQ = J2Cσ3ωv

∆
zDQ + Î∆
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MMC Small-Signal Modelling

Energy Control for Stability Improvements

MMC Control for MTDC integration

— vdc is now a state-variable

— Constant Power Source/Load

— Two control strategies are investigated:

• CCSC + Energy Control
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MMC Small-Signal Modelling

Energy Control for Stability Improvements

MMC Control for MTDC integration

— vdc is now a state-variable

— Constant Power Source/Load

— Two control strategies are investigated:
• Circulating Current Suppression Control

• CCSC + Energy Control
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CCSC for MTDC integration - Small-Signal Analysis
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MMC Small-Signal Modelling

Energy Control for Stability Improvements

Improving the Dynamics with Energy Control

— All currents are now controlled,

— ...stability improvements are
expected,

— Energy control allows this to be
possible,

— Since otherwise, P∗ac & P∗dc
would "fight" one another.

— (Notice that P∗ac & P∗dc roles can
be inverted.)
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Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:
— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:
— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:
— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:
— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:
— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:
— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:

— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:
— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:
— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Conclusions

On the Modelling:

— An average time-invariant MMC state-space model was presented:

• Generalized Model : Nonlinear-structure preserving model valid for any control or modulation strategy.

— The model can be linearized around an operating point, (Jacobian linearisation
method)

• ...to perform small-signal stability analysis based on traditional eigenvalue methods.

— Easy integration of AC and DC side power systems into the analysis.

On Energy Control:
— DC current should not be left uncontrolled→ risk of resonances and instabilities.

— Controlling the dc current improves performance and increases stability margins.

• Controlling the dc current implies energy control,... to avoid conflict with the ac active current.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Thank you!

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

The Particular Case of Compensated Modulation

— Interest: Two new simpler time-invariant models can be obtained for the

Compensated Modulation case

— Definition: What do we mean with compensated modulation strategy?

• DEF# 1: The insertion indices are compensated for the voltage oscillations of the MMC arm capacitors.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

The Particular Case of Compensated Modulation

— Interest: Two new simpler time-invariant models can be obtained for the

Compensated Modulation case

— Definition: What do we mean with compensated modulation strategy?

• DEF# 1: The insertion indices are compensated for the voltage oscillations of the MMC arm capacitors.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

The Particular Case of Compensated Modulation

— Interest: Two new simpler time-invariant models can be obtained for the

Compensated Modulation case

— Definition: What do we mean with compensated modulation strategy?

• DEF# 1: The insertion indices are compensated for the voltage oscillations of the MMC arm capacitors.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

The Particular Case of Compensated Modulation

— Interest: Two new simpler time-invariant models can be obtained for the

Compensated Modulation case

— Definition: What do we mean with compensated modulation strategy?

• DEF# 1: The insertion indices are compensated for the voltage oscillations of the MMC arm capacitors.

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

The Particular Case of Compensated Modulation

— Interest: Two new simpler time-invariant models can be obtained for the

Compensated Modulation case

— Definition: What do we mean with compensated modulation strategy?

• DEF# 1: The insertion indices are compensated for the voltage oscillations of the MMC arm capacitors.

+

−

vC

i

m

vM = m · vC
+

−

iM = m · i

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

The Particular Case of Compensated Modulation

— Interest: Two new simpler time-invariant models can be obtained for the

Compensated Modulation case

— Definition: What do we mean with compensated modulation strategy?

• DEF# 1: The insertion indices are compensated for the voltage oscillations of the MMC arm capacitors.

+

−

vC

i

m

vM = m · vC ≡ v∗M

+

−

iM = m · i Desired Controller Output

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

The Particular Case of Compensated Modulation

— Interest: Two new simpler time-invariant models can be obtained for the

Compensated Modulation case

— Definition: What do we mean with compensated modulation strategy?

• DEF# 1: The insertion indices are compensated for the voltage oscillations of the MMC arm capacitors.

+

−

vC

i

m

vM = m · vC ≡ v∗M ⇔ m ≡ v∗
M

vC

+

−

iM = m · i Desired Controller Output

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

The Particular Case of Compensated Modulation

— Interest: Two new simpler time-invariant models can be obtained for the

Compensated Modulation case

— Definition: What do we mean with compensated modulation strategy?

• DEF# 1: The insertion indices are compensated for the voltage oscillations of the MMC arm capacitors.

+

−

vC

i

m

vM = m · vC ≡ v∗M ⇔ m ≡ v∗
M

vC

+

−

iM = m · i Desired Controller Output

Compensated Modulation Assumption

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

The Particular Case of Compensated Modulation

— Interest: Two new simpler time-invariant models can be obtained for the

Compensated Modulation case

— Definition: What do we mean with compensated modulation strategy?

• DEF# 1: The insertion indices are compensated for the voltage oscillations of the MMC arm capacitors.

+

−

vC

i

m

vM = m · vC ≡ v∗M ⇔ m ≡ v∗
M

vC

+

−

iM = m · i Desired Controller Output

Compensated Modulation Assumption

+

−
v∗M

i

Controllable
voltage source

Gilbert Bergna-Diaz MMC Small-Signal Modelling TU Delft, 20 April 2018 16 / 16



MMC Small-Signal Modelling

Conclusions

Time-Invariant Model under the CM assumption

— Approximation:

vΣ∗
Mz >> vΣ∗

Mdq ≈ 0.

— Results in a simplified (4-state)

model with high accuracy.

— Only takes into account

macroscopic terminal behaviour,

— Potentially useful for large system

studies.

— But, can’t predict w∆
C associated

instabilities!
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ẋ(t) = f (x(t),u(t))

x = [ξ
i∆dq

ξ
iΣdq︸ ︷︷ ︸

Controllers

i
∆
dq i

Σ
dqz v

Σ
dqz v

∆
dq v

∆
zDQ︸ ︷︷ ︸

MMC

]
>

u = [i
∆∗
d i

∆∗
q v

∆∗
mzD

v
∆∗
mzQ

i
Σ∗
d i

Σ∗
q︸ ︷︷ ︸

Control Inputs

v
G
d v

G
q vdc︸ ︷︷ ︸

System Inputs

]
>

A linear time-invariant model is obtain by the
Jacobian linearization method:
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Conclusions

Modelling under the CM assumption

— Consequences (of CM in the Modelling):

• MMC sub-module multi-valves are viewed as controlled voltage sources; i.e., ...
• ...modulated voltages vΣ∗

M and v∆∗
M can be taken as the new control variables,

— instead of insertion indices mΣ and m∆.

• Circulating and grid current dynamics become linear,...
• and introduce a significant degree of decoupling.

— (which will be exploited later to obtain a simplified model)

• Energy variables wΣ
C , w∆

C become more suitable for capacitive dynamics.

— instead of the voltage variables vΣ
C and v∆

C

— Result: A partial feedback linearized model of the MMC (only valid under CM).

• and an equivalent Time-Invariant equivalent can be derived,

— applying the same methodology: multiple Park transforms + virtual system.

G. Bergna-Diaz, J. A. Suul and S. D’Arco, "Energy-Based State-Space Representation of Modular Multilevel Converters with a Constant Equilibrium Point in Steady-State
Operation," in IEEE Transactions on Power Electronics, vol. 33, no. 6, pp. 4832-4851, June 2018.
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