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Power balance equation
• Converters are power electronics systems using switches

and storage elements to modulate electrical energy
• Energy exchanges and system trajectories are con-

strained by the power balance equation

Psources − Pstored − Plosses − Pload = 0

• For inductors and capacitors, the stored power is

PL = Li̇LiL PC = Cv̇CvC

• As the state variables are usually inductor currents and
capacitor voltages, the power balance equation can be
derived from the state-space model.

• The power balance equation is a powerful tool for ref-
erence design and control

Neutral point clamped (NPC) rectifier model

• Assume balanced signals : ea + eb + ec = 0 and ia + ib + ic = 0
• Modeling of switches : boolean variables, uij = 1 ⇔ phase i is connected to point j
⇒ 9 control variables, u =

[
uap uao uan ubp ubo ubn ucp uco ucn

]
• For i = a, b, c, uip + uio + uin = 1 ⇒ 27 possible values of u, defined in Ucom
• Using Kirchhoff’s laws, we obtain a bilinear model
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• Using Clarke-Concordia transform C, we obtain a bilinear state-space model of the form

[
gα
gβ

]
= C

iaib
ic

 {
ẋ = A(u)x+B0vin
y = C0x

, x =


iα
iβ

v+ = v1 + v2
v− = v1 − v2

 vin =

[
eα = Vαβ cos(ωt)
eβ = Vαβ sin(ωt)

]

Reference design
• Using the state-space model of the converter, we retrieve

its power balance equation:

Liαi̇α + Liβ i̇β +
C

2
(v+v̇+ + v−v̇−) =

eαiα + eβiβ−rL(i
2
α + i2β)−

v2−
2rC

−
v2+
2Req

(1)

• Control objectives :
− Ensuring an unit power factor

(voltages/currents in phase)
− Stabilize y to a reference yref
− Balanced capacitors voltages

xref(t) =


Iαβ cos(ωt)
Iαβ sin(ωt)

yref
0


• Evaluating (1) with x = xref for yref < Vαβ
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, we get
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Control

Inner loop - argmin control [2]

• Quadratic stability condition:
∃P = PT > 0 for QC > 0 s.t.
∀u ∈ Ucom

A(u)TP + PA(u) + 2QC < 0

• Argmin control law: For V = eTPe, u min-
imizes V̇ (e, u), s.t. e = 0 where e = x− xref
is asymptotically stable for

u ∈ argmin
d∈Ucom

eTP
(
A(d)x+B0vin

)
Outer loop - Integral action

• The system is affected by constant perturbations on the load ∆y/input voltages ∆Vαβ

• Assume inner loop is much faster than the outer loop.
• The outer loop with an integral action adapt Iαβ with an extra term

∆Iαβ(t) = KI

∫ t

0

(
yref − y(u)

)
du s.t.

[
iαref(t)
iβref(t)

]
=

[
(Iαβ +∆Iαβ) cos(ωt)
(Iαβ +∆Iαβ) sin(ωt)

]
• Evaluating the power balance equation (1) with iα = (Iαβ +∆Iαβ) cos(ωt), iβ = (Iαβ +
∆Iαβ) sin(ωt), v+ = yref −∆v+ et v− = 0−∆v−, taking into account (2) and retaining
first order terms, we get the transfer function

Gv+(s) =
∆v+
∆Iαβ

=

(Vαβ−2rLIαβ)Req
yref

1 +
ReqC

2 s
:=

K
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• Then, the open-loop transfer function is
KKI

s(1 + Ts)
. For example, a phase margin of

π

3

is obtained in closed-loop for KI =
2

3KT
=

4yref

3R2
eqC(Vαβ − 2rLIαβ)

.

Simulation
Parameter Value Parameter Value

L 15 mH rL 0.4 Ω
C 1500 µF rC 20 kΩ
E 72 V R 30 Ω
yref 150 V ω 100π rad/s
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