ELEC-E8402 Control of Electric Drives and Power Converters Exercise 4

Problem 1: Grid support, current and voltage limits
The figure shows a grid-connected converter equipped with an L filter (Lf = 2 mH).
A solar generator feeds the constant power of 80 kW to the DC bus. The maximum
AC-side current of the converter is i, = v/2 - 200 A (peak). The grid frequency is
50 Hz and the nominal grid voltage is ux = \/ﬁ -400 V (peak, phase-to-neutral).
Assume the converter to be lossless and to operate in the steady state.

(a) The displacement power factor at the PCC is kept at unity. Calculate the power
pe fed to the grid, the current magnitude |i |, and the converter voltage magni-
tude |u,|.

(b) The grid voltage decreases to |u,| = 0.8uy due to a symmetrical grid fault.
Calculate |i.| and |u.|. What would happen if the grid voltage decreased to
’Qg| = O5UN !

(c) For supporting the grid at |u,| = 0.8ux, the converter feeds the maximum reac-
tive power g, to the PCC, taking the current limit ¢, into account. Calculate g
and |u,|. What is the minimum value for the DC-bus voltage uq. in this operating

condition?
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Solution

(a) The power fed to the grid is p, = 80 kW since the converter is assumed to be
lossless. In grid-voltage coordinates,

Uy = Uga + jllgq = Ug +J0 = 1/2/3-400 V = 326.6 V

holds. The converter output current is i, = icq + jicq. Hence, the real power and
reactive power at the PCC are

3 " 3 .
Ps =5 Re {w,iz} = o Ugled - —Im {ugicy = - ugch (1)

respectively. The displacement power factor is unity, corresponding to the reac-
tive power g, = 0. The d and q current components are
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The current magnitude is |i,| = 163.3 A. The converter output voltage in syn-
chronous coordinates is

di,

-
T

In grid-voltage coordinates, the steady-state voltage is
U, = jwgLgl, + Ug = Uy — Weliicq + jwgLilca (3)

Hence, the components are

Ued = Ug — WeLgicq = 326.6 V
Ueq = WgLgicqa = 2 - 50 rad/s - 2 mH - 163.3 A = 102.6 V

The magnitude of the converter output voltage is

Ue = (Ju2y 4+ ud, = /(326.6 V)2 + (102.6 V)> = 342.3 V

From (2), the d and q current components are

. 2pg 2-80 kW . 2q,
=% = S2041 A = -k
= By, 3-0.8-326.6 V ted

=0
3ug

Hence, the current magnitude is |i.| = 204.1 A, which is well below the maximum
current iya = V2 -200 A = 282.8 A. Using (3), the converter voltage is u, =
(261.3 4+ j128.3) V and the magnitude is |u,| = 291.0 V.

If the grid voltage decreased down to 50%, the required converter current 326.6
A would be above the maximum current. Hence, the converter would trip in this
condition (unless the power supplied to the DC bus is reduced).

The d and q current components are

fod = 2041 A g = —\[i2, — 12, = —/(282.8 A)2 — (204.1 A)2 = —195.8 A

Accoding to (1), the reactive power fed to the PCC is

3 3 3
G =5 Im {u,il} = —5lgle = =35 - 0.8-326.6 V- (—195.8 A) = 76.7 kVAr
Using (3), the converter voltage is u, = (384.3 + j128.3) V and the magnitude

is |u.| = 405.1 V.

The maximum achievable voltage magnitude is Umax = Uac/ v/3 in the linear
modulation region. Hence, the DC-bus voltage should uq. > v/3-405.1 V = 702
V.
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Problem 2: Refence calculation under unbalanced voltage conditions
The grid voltage is unbalanced due to an unbalanced fault. The PLL of the grid
converter is able to decompose the measured grid voltage into the positive-sequence
and negative-sequence components. Furthermore, the current controller is capable of
feeding the desired positive- and negative-sequence current components as well as
any desired harmonics. Calculate the grid current references in the following cases:

(a) Both the active power and reactive power are kept constant.
(b) The grid currents are controlled to be sinusoidal and balanced.

(¢) The active power is kept constant and the grid currents are controlled to be
sinusoidal.

The inputs to the current reference calculation are the active and reactive power
references.

Solution
To simplify notation, no separate subsripts for reference quantities will be used.

(a) The instantaneous complex power is

3

p— -k
Sg = égglg
Therefore, constant (or arbitrary) active and reactive powers are obtained if the
grid current is

1. =
-g * *
3uy; 3 ug

2 §_§ — gpg — ng
It is worth noticing that in this case the currents become distorted if the grid

voltage is unbalanced.

(b) The instantaneous unbalanced grid voltage and current are expressed using the
positive- and negative-sequence components:

gg = gng —+ ng = ug+e,i(wgt+¢u+) + ug_e—j(wgt-&-qsu,) (4&)
Gy =y, +i, = ig+ej(wgt+¢i+) + Z‘giefj(wgﬁrqbi_) (4b)

The complex power is

3 L, 3 : .
Sg = Qggl; - §(gg+ g )(lgy T4y )"
. . 3 . .
= 5 (gl +uy Bp ) + 5 (g dy +uy i3.) (5)
S = C?),nstant 3 o= osgllating

where the constant term in the complex power is denoted by S, and the oscillat-

ing term by 5,. The sinusoidal balanced currents are obtained if i, = 0 holds.
Under this condition, the desired grid current can be solved from the constant
part,

3

—— ;K
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leading to the desired grid current
2 S, 2P, —jQq
3 gg—i— 3 @;r

Zg Zg+

For calculating this reference, the control system has to be able to segregate
the positive-sequence component u,, from the measured grid voltage w,. This
functionality can be included in the PLL. It can also be seen from (5) that both
the active and reactive powers are oscillating, if the voltage is unbalanced.

(c) The positive- and negative-sequence components of (4) are repeated here:
T B G (6a)

+ej(wgt+¢i+) ig— — Z’gie*j(wgtJr(ﬁi—) (6b)

ggJ,»
Loy =g

The oscillating part of the active power in (5) can be expressed as

3

2Re{ug+ by +u, iy}

3 . .
_Z< g+g +ug+g T Uy g++gg—lg+)

3 : N

Z( Ug il g —|—ug7 g+> 4( () g +“g —g+)

~
rotates at 2wg rotates at —2wg

where the second form follows from Re{z} = (z+2*)/2 and the last form follows
from (6). Therefore, the oscillating active power is p, = 0 if

ur 1
i == (7)
Y

Using (7), the constant active power becomes

3 - *
P, = SRe{u, it +u, i} }

3 L Ug ug ) 3 Uy Ugy — Uy Uy
- §Re { <@g+ T, ) 1g+} = §Re { ( U, o+

~ 9 g Re {i, 1, } (8)

The desired active power is obtained if

% Ygt

g =
B ug [P g P

Py (9)

Similarly, the average of the reactive power is

3 " "
Qg = §Im {ﬂg+lg+ + Mg—lgf}

3 Uy Uy 3 Uy WS, + u,_uk_
— “Im _Q*+ _ —g&—g l N = —"Im —g+=g+ —g——8 l n
2 ¢ Ugy ¢ 2 Ugt :

Blugy |+ lug >
) : 2 =—Im {Zg+@g+} (10)
Uy |
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The desired average of the reactive power is obtained if

Qg (11)

T
B g P g7

The expressions (7), (9), and (11) can be combined

; Ug+ : Ugt

(M Py —j Q

T g P g 275 g [P [P
-3k

i — _ug—ig-F

- Ugt

For calculating this reference, the control system has to be able to decompose
the measured grid voltage into its positive- and negative sequence components,
Uy = Uy, +u, . In the balanced case u, = 0 and the reference calculation
reduces to the standard one.

The derivation for the constant reactive power g, = 0 is analogous to the deriva-
tion shown here.

Remark: Example waveforms of these control strategies are shown in the figure
below. The phase voltages are

Uga = 0.25u,4 cos(wgt)

Ugh, = Ug COS(wgt — 27/3)

Uge = Ug COS(wet — 47/3)
The space vector transformation gives

_ _ j(wet+ou+) —j(wgt+du—)
Uy = Uy + Uy = Ug €7FT e 70T

where ug, = 0.75u,, ug— = 0.25u,, ¢yt = 0, and ¢, = 7. The strategies in Part (a),
(b), and (c) are shown at t = 0...40 ms, ¢ = 40...80 ms, and ¢ = 80...120 ms,
respectively. The currents at ¢ = 120...160 ms correspond to the strategy g, = 0.
You can try to plot these waveforms using your computer.
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