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Task 1: Step-down converter [10 Points]
In industrial control systems, a 50 V DC power supply is commonly used to power various compo-
nents. Additionally, several sensors and servo motors require a stable 12 V DC power supply. For
this purpose an efficient step-down (buck) converter is required to provide high currents, especially

when multiple servo motors or actuators are operating simultaneously.

Figure 1: Circuit with one transistor, filter and one load resistor.

General parameters: IGBT:

Input voltage: U, =50V Collector-emitter voltage: uonce =2V
Output voltage: Uy,=12V Switch-on losses: Eonp =20 1J
Output current: I, =70 A Switch-off losses: Eoygp =40 nJ
Switching frequency: f; = 100 kHz

Inductance: L =20npH

The diode is considered as ideal and the filter capacitor is C' — oo.

Table 1: Parameters of the circuit.

1.1 At what duty cycle D should the step-down converter be operated? Calculate and sketch the
voltage ur,(t) and current ir,(t) over 2 periods. [4 Points|

Hint: The voltage drop across the transistor must be taken into account.

1.2 How large is the power demand of the load, if the step-down converter operates in boundary
conduction mode (BCM)? [2 Points]

1.3 In which case the step-down converter operates in discontinous conduction mode (DCM) and

what is the effect and the potential risk of this mode? [1 Point]
1.4 Calculate the switching power loss and the total power loss of the IGBT. [1 Point]
1.5 Calculate the efficiency 71 of the step-down converter. [2 Points|
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Task 2: Four-quadrant converter with pulse width modulation [10 Points]

The components of the four quadrant converter according Fig. 2 are considered as ideal. The con-

verter’s data is displayed in Tab. 2. The inner load voltage is constant: wug;(t) = Us;.

Ui

Figure 2: Four-quadrant converter.

Input voltage: U; =450 V. Current at t =0s: i3(0) =30 A
Inner voltage: Uy = 150 V' Inductance: L =60 nH

Table 2: Parameters of the four-quadrant converter.

The four quadrant converter is controlled by a PWM with interleaved switching. 7} is connected
to the output of the PWM, which uses the non-inverted reference voltage. On the other hand, T}
is connected to the output of the PWM, which uses the inverted reference voltage. The triangular
carrier voltage and the reference voltage are displayed in the the solution diagram. Note that the

reference signal changes at t = 24 s and ¢t = 36 ps.

Der Vier-Quadranten-Steller wird durch eine PWM mit phasenversetztem Schalten gesteuert. Der
Ausgang der Steuerung, der die nicht invertierte Referenzspannung verwendet, ist mit 77 verbunden,
wahrend der Ausgang, der die invertierte Referenzspannung verwendet, mit 73 verbunden ist. Der
Dreieckstrager und die Referenzspannung werden im Losungsdiagramm dargestellt. Beachten Sie,

dass das Referenzsignal bei t = 24 ps and ¢ = 36 ps wechselt.

2.1 Add the voltage signals of u, (), Uy and uape) to the diagram in Fig. 3 and and complete the

axis scaling of the ordinates. [3 Points|

2.2 Calculate the current signals is(t) and 4;(¢) and add them to template diagram. [4 Points|
Hint: If you are not able to exactly calculate the current signals, you can qualitatively add them to

the template diagram for partial points.

2.3 Mark which semiconductors carry the current i5(¢) in the template diagram. For example, if T}
and D4 conduct during the range 10 ps and 14 ps, the range must be marked with 2 vertical lines
and T1/D, entered there. [3 Points]
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Figure 3: Relevant voltage and current signals of the four-quadrant converter.
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Task 3: Line-commuted three-phase rectifier [10 Points]

A controlled three-phase midpoint rectifier (M3C) charges a battery of an electric motorbike, with
R = 0.1 Q modeling the internal resistance of the battery, and Uy, = 125 V as the battery volt-
age. An inductor filter L is used to smooth the output current I, with an inductance that is,
initially, assumed to be infinitely large. The ideal transformer in the converter is connected to a
symmetrical three-phase grid with an effective phase voltage Uy = 230 V and line-to-line voltage of
Un1r = 400 V. The phase voltage on the secondary side of the transformer has effective value of
Ui =230 V, Vi = a, b, c. The switching components are assumed to be ideal.

Ein gesteuerter Dreiphasen-Mittelpunkt-Gleichrichter (M3C) ladt die Batterie eines Elektromotor-
rads, wobei R = 0,1 € den Innenwiderstand der Batterie modelliert und Uy, = 125 V die Batter-
iespannung ist. Ein Induktionsfilter L wird zur Gliattung des Ausgangsstroms I, verwendet, wobei
die Induktivitat zunachst als unendlich grofi angenommen wird. Der ideale Transformator im Kon-
verter ist an ein symmetrisches dreiphasiges Netz mit einer effektiven Phasenspannung Uy = 230 V
und einer Leiter-Leiter-Spannung von Uynpr, = 400 V angeschlossen. Die Phasenspannung auf
der Sekundérseite des Transformators hat einen Effektivwert von U;; = 230 V, Vi = a,b,c. Die

Schaltkomponenten sind als ideal anzunehmen.

U (t) . .
L0 o) o)
R
us(t)
i Ubatt
Figure 4: M3C rectifier used for battery charging.
3.1 Draw the output voltage signal uy(t) for the control angle o = % into Fig. 5. [2 Points]
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Figure 5: Output voltage us(t) for a =

w3
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3.2 For the same «, calculate the average output voltage u,.

3.3 Calculate the corresponding average load current .

[2 Points|

[1 Point]

3.4 Calculate the power loss in the resistor and the power delivered to the battery Upa. [2 Points|

3.5 Consider the case where the inductance L is finite, such that the converter operates in DCM.

For an output voltage us where a = % and 8 =

voltage us.

3

, as shown in Fig. 6, calculate the average output

[3 Points]

Hint: In this question, the DCM is directly influenced by the presence of the battery voltage, which

is different from having a capacitive filter at the output.
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Figure 6: M3C voltages in DCM.
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Task 4: Single-phase active front end rectifier [12 Points]

The circuit shown in Fig. 7 is a single-phase DC converter. It supplies the DC link of a locomotive,
from which the traction motors are fed from the mains side. The converter uses PWM for modulation.

All components are ideal, the voltage U; is constant.

U

Figure 7: Single-phase AC-DC converter.

Table 3: Parameters of the single-phase AC-DC converter.

DC-link voltage: U; = 1400 V  Grid voltage: ug; = 1200 V - sin(wt)
Grid frequency: f = 16% Hz  Line filter: L =27mH

4.1 Qualitatively add into Fig. 8 the fundamental components ugl)(t), u(Ll)(t), and i (t) for different

operating modes of the locomotive: [3 Points|

o starting (locomotive draws pure active power from the grid),
« rolling (locomotive draws neither active nor reactive power),

« and braking (locomotive delivers pure active power).

4.2 Draw the corresponding complex phasors for the same quantities in Fig. 9. [3 Points|

4.3 How large must the amplitude of the mains fundamental current %gl) be if pure fundamental active
power of 250 kW is drawn from the grid? [2 Points|

4.4 How large must the fundamental amplitude ﬁgl) of the inverter output voltage be in the same

load case of 250 kW? Calculate the corresponding modulation index m. [2 Points|

4.5 Due to a semiconductor defect, there is a short circuit in the inverter (all transistors conduct).

What is the active and reactive power drawn from the grid in this case? [2 Points]

7
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Figure 8: Signals uél)( t), u(Ll)(t), igl)(t) in different operating modes.
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Figure 9: Steady-state phasor diagrams for ug ), u(Ll), @'g) in different operating modes.




