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Power Converters and Power Quality I
Outline

« Active power converters for grid connection
» Power converters for active front ends.
» Vector control of voltage source inverters.
 CERN ongoing projects.
 [Introduction to network asymmetries
* Network unbalances and faults.
"+ Network strength as seen from Point of Common Coupling (PCC).
e Grid synchronization
« Synchronous reference frame PLL.
| * Synchronization to asymmetric networks.
« Control of power converters connected to asymmetric grids
* Classic current control
 Current control under unbalanced phase voltages.
» Double frame control for phase currents.




Active power converters for grid connection

« Passive front end converters are highly reliable and need no control.

 However, the power factor of about 0.75, requires the use of static VAR
compensators when a lot of diode rectifier based converters are installed.

« The use of active power converters as active front end converters allows the
full control of the power factor and injected harmonics together with
reactive power compensation.

 The use of active front-end converters allows to control the DC-link
voltage that may be used by several loads and converters.

e Vector control of voltage source inverter is simple and reliable, it is
adopted by most of the industry.



Power converters for active front ends

 \oltage Source Inverter (VSI)
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Vector control of voltage source inverters

VSI and vector control allow to adapt the phase of the current taken from
(or injected to) the grid.
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« Control of power quality factor by setting the converter voltage vector in a
way to get the current space vector in phase with the voltage space vector.

» Reactive power compensation can be done on the network by adapting the
phase of the current space vector. No Static VAR Compensator needed.

e Harmonics can be compensated by control, if controller’s bandwidth and
converter allow it. No other active harmonic compensation needed.



CERN ongoing projects

* In the frame of the Booster upgrade, a 20MVA active front-end Is projected,
studies are on-going on power quality and robustness against network
disturbances (F. Boattini).

 In the frame of energy recovery and modular approach topology studies for
LINAC 4, studies are on-going of the front-end side for the MW max range
(G. Le Godec).

« For now network is relatively strong for all applications, in the future, with
the increase of power (CLIC, HL-LHC, Future Circular Collider), the
network might become weaker for given applications, massive use of SVCs
and passive front ends might be replaced for active front-end solutions.



Introduction to Network Asymmetries

* Network as seen from the Point of Common Coupling (PCC) is not an
Infinite ideal voltage source, its strength must be considered.

e Control of a grid converter implies rejection of its own harmonics
generated by switching devices and network disturbances.

e One common network disturbance in weak networks is the asymmetry in
phases, among others such as phase dips and phase steps.



Network unbalances and faults

* In ideal operation, the voltage vector draws a perfect circle in the Cartesian
plane (or off plane)
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Figures are taken from : R. Teodorescu, M. Liserre, and P. Rodriguez : Grid Converters for Photovoltaic and Wind Power Systems, 2011, John Wiley & Sons, Ltd.
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Network unbalances and faults

 The three phase voltages are represented in the af0 stationary reference

frame as three vectors which can be transformed in the dg0 synchronous
reference rotating frame.
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Figures are taken from : R. Teodorescu, M. Liserre, and P. Rodriguez : Grid Converters for Photovoltaic and Wind Power Systems, 2011, John Wiley & Sons, Ltd.
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Network unbalances and faults

 \oltage dip can be symmetrical or asymmetrical, phase to ground or phase
to phase.
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Figures are taken from : R. Teodorescu, M. Liserre, and P. Rodriguez : Grid Converters for Photovoltaic and Wind Power Systems, 2011, John Wiley & Sons, Ltd.
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Network unbalances and faults

 When a fault occurs in the three phase network, the circle in the Cartesian
plane becomes an ellipse.

« The asymmetry appears as a second harmonic perturbation in the dg
rotating synchronous frame which affects synchronisation.
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Figures are taken from : R. Teodorescu, M. Liserre, and P. Rodriguez : Grid Converters for Photovoltaic and Wind Power Systems, 2011, John Wiley & Sons, Ltd.
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Network unbalances and faults

e The voltage vector V can be considered as a composition of two vectors,
V*Lin the positive sequence rotating reference frame and V-1 in the negative

sequence rotating reference frame.
* More generally, V can be considered as such for each harmonic vector V".
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Figures are taken from : R. Teodorescu, M. Liserre, and P. Rodriguez : Grid Converters for Photovoltaic and Wind Power Systems, 2011, John Wiley & Sons, Ltd.
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Network unbalances and faults

* In any reference frame, the three phase network voltage vectors can be
written as a composition of the positive, negative and zero sequence

vectors.
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Figures are taken from : R. Teodorescu, M. Liserre, and P. Rodriguez : Grid Converters for Photovoltaic and Wind Power Systems, 2011, John Wiley & Sons, Ltd.
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Network strength as seen from PCC

e Point of Common Coupling (PCC) is the link between the network and the
power converter, that is also where the network voltage is measured.

« Here the network is modelled as a simple inductive impedance of a value
that Is affected by its short-circuit power capability (Sgcc)-

e Typical values: 20 for wind applications, 12 for MV drives. Ve,
INeT = Sscc
Rner = Zngrcoso
L _ ZNeTsing
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Network strength as seen from PCC

« Under weaker networks, the harmonics generated by the converter appear in
the measured network voltage.

e Here Is an example with 250Hz switching frequency.

Balanced network Unbalance

Strong network (20)5

Weak network (8x)
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Grid Synchronization

e Most classic way for network synchronization is the use of a PLL in the
synchronous reference frame, other methods exist but will not be covered.

« The identification of the disturbance in the network voltage measurements
IS done through positive and negative sequence decoupling.

 With those two elements, one can accurately synchronize to weak
unbalanced networks.

» The identification of the disturbance in the network voltage measurement is
fed-forward to the classic single frame vector control as first compulsory
step for handling network asymmetries.

« Among the other methods, one can mention resonant control principles
which provide the same results in the stationary reference frame.



Synchronous reference frame PLL

e The basic principle of the synchronous reference frame PLL Is to maintain
the Q component of the network voltage to zero by adjusting the phase of
the synchronous reference frame.

e For small phase errors, the voltage error i1s almost equal to the sinus
function of the phase error (Eq = sin(gg p-0y)).

« The resulting angular frequency o, from the PI controller is integrated for
proving the phase 6, of the reference plane.

 Additional filtering can be used for harmonic rejection.
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Synchronous reference frame PLL

Gain

« Gain T, defined to compensate
dominant time constant.

» Gain T, defined to get a given phase = TT\\T\ o0t

-20dB/dec

margin of 63° (magnitude optimum).

40dB/dec
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Synchronous reference frame PLL

Metwork Voltages

o If well tuned, the PLL controller allows the
accurate synchronisation to the network voltage |
and the rejection of high order harmonics from the: |
network and the converter itself. )

e The tuning of the PI controller is done through the |
Magnitude optimum considering the time constant -
of the filter.

 For verification purpose, a phase step is applied to
the system, one can see that the PLL Is back to
synchronisation after two periods. e

e Phase steps may appear in weak networks when ‘|
connecting reactive loads.




Synchronous reference frame PLL

Network Voltages Metwork Voltages
800 800 . . . . .

e Under network voltage =
unbalance, a strong~
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600 -
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Synchronization to asymmetric networks

 As seen previously, one can consider the voltage phase vector as a

combination of a component in the positive sequence, and one iIn the
negative sequence.

e Using park transformation, one can represent the negative sequence phase
voltage vector in the positive sequence and vice-versa.
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Figures are taken from : R. Teodorescu, M. Liserre, and P. Rodriguez : Grid Converters for Photovoltaic and Wind Power Systems, 2011, John Wiley & Sons, Ltd.
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Synchronization to asymmetric networks

« The transformation of the voltage phase vector from the stationary reference
frame to one of the two rotating reference frames, will always include the
components from the complementary rotating frame.

 The decoupled components are obtained by subtracting the phase vector

coming from the complementary rotating frame after filtering.

 As aresult, the network voltage is transformed into four DC components.
* The same can be applied for higher order harmonics.
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Synchronization to asymmetric networks

The decoupling process Illustrated - Principle
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Synchronization to asymmetric networks

Metvoltage D and Q unfitered componant

The decoupling process illustrated - Dynamics
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Synchronization to asymmetric networks

 Now the two voltage phase vectors are perfectly decoupled in each of the
two reference frames, one can be sure that the Q component in the positive
reference frame is free of the second harmonic when unbalance occur.

e The PLL can use this value as an input, this result in a new PLL structure,

3 Eba




Synchronization to asymmetric networks

Metwork Voltages
800 . . .

« The PLL iIs not anymore affected by the second =;
harmonic appearing when the network voltages are *|

200

unbalanced. E|

« The same can be applied for rejecting higher order
harmonics, but a filter can also be used without .| _
affecting the dynamics of the PLL controller.
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Synchronization to asymmetric networks

representation of an unbalanced network.
* When the voltage components are decoupled and

800

 When the voltage components are filtered (for =

400

voltage feed forward, harmonic rejection, etc...) it |
produces a phase shift in the ellipsoidak |
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separately filtered, their recombination allows to «

keep the phase of the ellipse in the af3 plane and
the oscillation in the DQ plane.
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Synchronisation to asymmetric networks

Metworl Voltages

800

* When the network is weak, the harmonics coming
from the converter or the network itself are much
stronger, here the ratio between network and filters |
impedance is only 5 (against 50 used previously). |

e The filtering used in the PLL controller allows .|
their full rejection.

» Phase step response shows that synchronisation is
ensured with strong dynamics.

!
i

0.52 0.53 0.54 0.55
time [s]
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Synchronisation to asymmetric networks

e Under unbalance, the separate filtering of the =

measured voltage in the two rotating reference |

frames allows the full rejection of all harmonics:
and an accurate description of the second
harmonic coming from the network unbalance.
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Power Converters and Asymmetric Grids

e Since dynamics of the current controller in the DQ reference frame are
directly related to the switching frequency, one may be limited for damping
the second harmonic component due to voltage unbalance.

e Same as for the voltages, the converter currents are considered in the two
synchronous rotating references frames, the direct and the indirect.

e The four current components are controlled separately by a double frame
controller, one per synchronous frame working as a mirror.

« One can control each of the current component, force current symmetry
with voltage asymmetries or force current asymmetry for compensation.



Classic current control

 Classic current control Is vector control in the
synchronous rotating reference frame (or DQ
frame). The current target Is reached by
applying the correct voltage vector on the
converter side, using the voltage drop across
the filter impedance for generating a current.

Line impedance Filter immpedance

VWNT | N YWV
S
A
| | 3-phase
@ : | AC/DC
VnNeT | :EPCC Vec
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Classic current control

« The control loop contains the system G¢(s), the modulator G,(s) and the
controller itself Gg(s).

 The sampling of the digital controller is synchronised with the PWM
triangle generator, synchronised with the PLL.

» Correct sampling for the measurement of the signals allows to avoid the
used of measurement filters which affect the bandwidth.

e The bandwidth of the control loop Is defined by the modulator’s time
constant.

Sampling

I
Digital control I Power system

Measurement

Imeas I Epcc
Iner Y Gris) —1 Gu(s) o B Gs(s) >

VbeTry PC Ipc
|
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Classic current control

« Gain T, defined to compensate

dominant time constant.

e Gain T, defined to get a given phase

margin of 63° (magnitude optimum).

T;
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Classic current control

o Current references are given by either a DC-link voltage controller, or a
network voltage controller when the converter is used as a generator.

* In this case of this study, the current references are given by the user.

 The PI controller in the DQ rotating frame Is used, the cross coupling
should be implemented as integral parts as well as in the multivariable

Ep
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per unit

Current control with unbalanced phase voltages

o Simple operation is first tested with quite strong network (50x) and 750Hz
switching frequency.

* \When network unbalance occur, one sees a step in the negative sequence of
the voltage, the positive sequence remains here unchanged.

s MNetwiork Voltages Met voltage DQ componants in positive/egative sequence MNetwork Voltages
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Current control with unbalanced phase voltages

Converter currents in DQ frame (positive sequence)

« The control of each current component IS | e
allowed by correct decoupling and accuracy in °
the control parameters tuning through magnitude
optimum criterion and Buihler's methods. | =t

e One can see the accuracy of the integral .- ] -
decoupling with the very limited impact of the oo
- - time [5]
variation of one component on the other.

e Since the controller is operated with quite a high |
switching frequency, the dynamics of the o

IBREF (Al

o
7]

lEQREF (Al

per unit

o
T

Conwverter currents in DQ frame (negative sequence)

controller are fast enough to somehow maintain = | el
the symmetry in the current during a voltage o |
phase dip. '

_Dz 1 1 1 1 1 1 1 1 1
01 02 03 04 05 0B 07 08 09 1 1.1
time [s]



Current control with unbalanced phase voltages

« With lower switching frequency (450Hz) and lower network strength (20x)
the impact on the network harmonics is more visible and seems stronger.

e The dynamics of the PLL do not seem affected.

Metworlk Voltages Met voltage DG componants in positive/eqgative sequence Metworl: Voltages
800 . . . T . . . . . . . . 800 . . .
600 F 1 \ u\r 600
400 H oot
0.8l
200 H E;, [v] 200
= 06k . 1 h=
= EQ [*] =
S ot o ot -
8 0.4k ED v i 8
200 + g ——E, [V] 200+ 1
0.2f A
-400 + " g -400 b il
—E, ] —E, ]
500! —E MY 0 00} ——at
—E,[¥] —E_[¥]
_BDD 1 1 1 1 1 1 T Dz 1 1 1 1 1 1 1 _BDD 1 1 1 1 1 1 T
0B DBOS 061 0615 062 0625 063 0635 064 0.4 05 0B 07 08 04 1 1.1 08 0805 081 0815 082 0825 083 0835
time [5] time [s5] time [5]
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Current control with unbalanced phase voltages

Converter currents in DQ frame (positive sequence)
e Lower switching frequencies Impact current WM%M
ripple only not the control of the current itself. o
o Lower switching frequencies also mean lower
control dynamics, therefore, the voltage
unbalance impacts the current unbalance, which

are In the same direction as the voltage as seen o
- - time [g]
here In the negative sequence of the currents.

per unit

Converter currents in DQ frame (negative sequence)
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Current control with unbalanced phase voltages

* Network voltage unbalance doesn’t affect the currents as long as current
control dynamics are fast enough to fully compensate the second harmonic.

 For high power applications, especially grid connected converters,
switching frequencies tend to be low in respect of switching losses.

 The current unbalance iIs not an i1ssue when DC-link and network are ideal
voltage sources.

* When facing voltage unbalance and current symmetry, instantaneous power
can only be oscillatory, which affects the current control when having a real
capacitor.

« With the analogy to the voltage decoupling in the rotating frames, the same
could be applied in the current for allowing full control of the current
negative sequence.



Double frame control for phase currents

e The philosophy behind the double frame control is the need for controlling
the current unbalance by controlling not two current component but four,
two In each synchronous rotating reference frames.

» Exactly as for the voltages, the currents are transformed in the two rotating
frames, then decoupled from each other’s DC component.

e The double frame control structure is a perfect mirror between two classic
single DQ frame controller, each of them requiring two current references
most likely coming from a voltage controller.

e The four current references can be computed with a function containing
several targets regarding current symmetry or power compensation.

e |f measured current are filtered, the current reference shall also contain the
same filtering, in order to achieve optimum parameters with the magnitude
optimum criterion.



Double frame control for phase currents

IDCREF

F’osmve sequence current controller

Power » Current

controller larer referencgs

MY computation

Bn

o J§ 'na
| [To"] Mo {1 | N
i Fan=fuer/ V2 i
—) [Toq'] M ] [ N\ |
i feur=fuer/V2 i

I'orer T
NS+1
Onm s

W TN
T|S

WNTN
T|S

Current decoupling

I'QRE;O—Q Tus+1
& ’ T|S

Negatlve sequence current controller
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Double frame control for phase currents

* The double frame structure is tested with the same control parameters as for
the single frame multivariable control.

* \VVoltage unbalance is set as in the following figure, by adding a negative
sequence component, for simulating a phase dip in the network.

« Each of the four current references are set separately for assessing the effect
on the effective currents, under network balance or unbalance.

Met voltage DO componants in positive/negative sequence

1 b |

[IR=R3

—E, V]
——E, V1]
— B M|

g 0.4
Eg V]

02F

_Dz 1 1 1 1 1 1 1 1 1
0.4 086 08 1 1.2 1.4 1.6 1.8 2 22 24

time [g]




per unit

D.

Double frame control for phase currents

Converter currents in DQ frame (positive sequence)

 Each of the four current component can be

separately controlled.

switching frequency and network strength of 50.

1000 . oa -

|

[}

— LM
S—

1000+ . Jo0 -
— 1 [¥]

1 1 1 1 1 1
08 0805 081 0815 082 0825 083 0.835
time [g]

R
Y |

Converter Currents
T T T

1 1 1 1 1 1 T
2 2005 201 2015 202 2025 203 2038 2C
time [s5]

[IR=R3

= 0B

 One can force current symmetry or dissymmetry. :

« The following example is set with 750Hz

05t
04t
03t
02t
o 01t

02F
03F
04+
RIRR

(08 iy ey e

- lE)REF (Al
- '&REF (Al
—— Al

_Dz 1 1 1 1 1 1 1 1 1
0.4 086 08 1 1.2 1.4 1.6 1.8 2 22 24

Converter curre

time [5]

nts in DG frame (negative sequence)

= i M J | 1

S0 b e R e e K
I

RIRN

bR
—
— I [A]
— A

1 1 1 1 1 1 1 1 1
0.4 086 08 1 1.2 1.4 1.6 1.8 2 22 24

time [g]
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per unit

D

Double frame control for phase currents

Converter currents in DQ frame (positive sequence)

network strength.
» Same as before, all four components can be freely: |
controlled without any coupling effect.

Network strength Is here set to 20 and switching -
frequency is 450Hz.

Converter Currents Converter Currents
T T T T T T

1000 F Jnat 05+
04t
03t

500 500 m\
02+
o O}
OF D“ E
&
2o
02t

SO0 F 500

03t
— 1 V]
a
b V] 300 |
-1000 H r 05t
— 1, [¥]

1 1 1 1 1 1
08 0805 081 0815 082 0825 083 0835
time [s5]

1 1 1 1 1 1 T T
06 0GOS O0B1 0615 062 0625 063 0635 064
time [g]

The ripple In the currents is not Influenced by

3 llu

| i ‘.I .“

r" """" "'r R '1"1
—%REF [A]
T
— R IAl
Al
1 “.IJ_. LI
l [ T
A LT i
I|If'm’l‘|‘|l"'T|' =

[

LA A A |
bl i

A nl | IJ,. . L..Ill lm'..
LR WV R

_Dz 1 1 1 1 1 1 1
0.4 086 08 1 1.2 1.4 1.6 1.8 2 22 24

time [5]

Converter currents in DQ frame (negative sequence)

i
|I f IlIII I

— larer M
— L [A]

— Al

1 1 1 1 1 1 1 1 1
04 06 0B 1 12 14 1B 18 2 22 24
time [g]
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Double frame control for phase currents

Closer to reality, the DC link is not ideal, merely a capacitor bank
dimensioned with the following principle: oversizing Is very expensive, So
under sizing is more likely to happen in industry.

Two configurations of the grid voltage source inverter are considered:

Line impedance Filter impedance

______ - PCC S — DC link
3-phase - R L\

Converter controls the fewon! Ruer Laer ey e oo == lreeo
voltage on the network e A i} icl

I
I
. [ : ) | |
side. @ | sphese |} —
Vet : :EPCC Vec | be,
o] F T I !
Line impedance N/ Filter impedance Nee -7
Converter controls thes jnae . -—---- ~ PCC ,————m—m - DC link

3

/ N ! lpc loc ,——~_lLoap
voltage on the DC side. et AT W N
: - o — I T
I
iEP Vbe
I




Double frame control for phase currents

 When voltage unbalance occur, keeping the currents symmetrical has an
Impact on the instantaneous power.

MNetwork Voltages Converter Currents Instantaneous power
800 . . . : : : : : 2 . . : . .
1000
600 -
15+
400
500 ! 11
200 1] . P17 0l
£ = £
S ot 5 g ‘ S ost
bt z et
-200 B
I I | I ]
-500 |
-400 - 1 | 1l ﬂ “.
E [ — ¥
“ Ea [V] a [ ] _DS L
-600 A b [v] 1 J00 E— lb [¥] —— P [VA]
—E_[V] . I — L IVI] — Q[WA]
_BDD T T 1 1 1 1 1 1 1 L L L L L L L _1 1 1 1 1 1 1 1 T T
oy 07 o0y2 0¥3 o074 0Fs 0V o077 078 079 Od 07 071 072 073 074 075 0OF5 OFF 078 079 04 oy 0y 0y2 0y3 o0Y4 0vs 0V 0Y7 078 0ve 08
time [s] time [s] time [s]

 When the instantaneous power has a second harmonics due to network
unbalance, the DC-link voltage will also contain the second harmonic.

A

P, ripple
2Oreq‘«'-)V:l(:ref

Figure taken from : A. Yazdani, R. Iravani, "A unified dynamic model and control for the voltage-sourced converter under unbalanced grid conditions," Power Delivery, IEEE Transactions on , vol.21,
no.3, pp.1620-1629, July 2006.
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Double frame control for phase currents

Instantaneous power
2 T T T

« When facing asymmetric disturbances in the |
phase voltages, adequate control of currents may
compensate the 2"¢ harmonic component in the.,.|
Instantaneous active power, not the reactive. |

e Method limited by what allow the semiconductor |
ratings.

R 1 1 1 1
0.48 0.49 05 0.51 0.52 0.53 0.54
time [5]
Converter currents in DQ frame {positive sequence) Converter currents in DA frame (negative sequence] Conwverter Currents
T T T T T T T T T T T I T T T T
1F B r IE)REF [A] 1000 F i
lE'.QREF [A]
nat J nef ]
I [A] 500 ‘ ||
Q | L
06} - 0.6 . * |I | . | A
e ‘.\P‘J. n.n..“ .
; L 1 = o4t 5 L |
2 04 L] o 2 0
L
02t " | | 1 ' |
— Doper [A] 400 ¢ il]' h|
L il
0 Wﬁ%’m — e A1 ] LT is ' ' L [v]
— A V]
0z ——RA -1000 £ LV
1 1 1 1 1 T L L L L 1 L 1 1 1 1
02 04 06 08 1 12 1.4 11 02 0.4 uE o8 1 1.2 1.4 1t 0.48 0.49 05 0.51 0.52 0.53 0.54

time [s time [g] time [s]
Figure taken from : Siemaszko, E)] Rufer, A.; , ” Power Compensation Approach and Double Frame Control for Grid Connected Converters”, EPE 2013 : 15th European Con[ference on Power
Electronics and Applications, Lille, France, 3-5 September 2013.
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