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This article focuses on the control of a star-connected cascaded H-bridge (CHB)

using voltage balancing controllers superimposed on a state-of-the-art cascaded

voltage regulator with an inner current control loop.

Typical applications for a modular topology using star-connected cascaded H-

bridges are solid-state transformers (see AN015) and static synchronous

compensators (STATCOM, see AN013) introduced in [1]. STATCOMs are widely used

in power distribution and industry to actively control the reactive power flow and thus

stabilize the grid voltage. In [1], it is noted that the main control challenge is to keep

the capacitor voltages balanced.

The topology of the star-connected cascaded H-bridge is presented below (Figure 1),

followed by the description of the main controller and the balancing controllers.

Finally, experimental results are shown, using imperix power modules and the B-Box

RCP programmed with ACG SDK on Simulink or PLECS .

http://www.linkedin.com/in/jonathanorsinger
https://imperix.com/doc/example/solid-state-transformer
https://imperix.com/doc/example/static-synchronous-compensator-statcom
https://imperix.com/products/power-inverter-modules/
https://imperix.com/products/control/bbox
https://imperix.com/products/control/bbox
https://imperix.com/software/acg-sdk/simulink/
https://imperix.com/software/acg-sdk/PLECS/


Figure 1: Schematic of the star-connected cascaded H-bridge STATCOM

with N H-bridge submodules (N/3 per phase branch)

Control design of the cascaded H-bridge converter

The overall control structure is depicted in Figure 2.

Figure 2: Overall control structure for the cascaded H-bridge

As proposed in [2], the structure of the capacitor voltage balancing strategy

distinguishes between vertical balancing (across the submodules within a branch)

and horizontal balancing (across the 3 branches of the whole converter). The

functionalities of each control block are described in the following paragraphs.

Grid synchronization (PLL)

The dq reference frame is synchronized to the grid frequency and aligned with the

phase voltage . This is implemented in the PLL block proposed in Synchronous

reference frame (SRF) PLL (TN103).

Cascaded voltage and dq current control

The principle of cascaded voltage control is detailed in Cascaded voltage control

(TN108) for the case of a DC/DC converter. The same idea can be used for a grid-

connected cascaded half-bridge topology, with the following adaptations:

Vg,a
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The current responsible for a change in DC-link voltage is the d-current

obtained by dq transformation of the grid currents. Thus, the inner current

control loop is implemented as the dq controller described in vector current

control (TN106). This structure also allows controlling the q-current, whose

reference is computed to meet the reactive power demand.

The bandwidth of the voltage controller must be limited to the grid frequency.

This way, the d-current reference Ig_d_ref only contains harmonics below the

grid frequency, which ensures a low distortion of the grid currents.

The d-current is a scalar value that can only influence the total energy stored in

the capacitors. As proposed in [2], the controlled voltage is then the average of

all capacitor voltages. The individual capacitor voltages are in turn only

regulated with so-called vertical and horizontal balancing controllers.

The structure of the cascaded voltage and dq current controller is shown in Figure 3.

The details on the implementation of the individual blocks are given hereafter.

Figure 3: Structure of the cascaded voltage and dq current control for the

grid-connected cascaded H-bridge

Reactive power demand (q current reference)

In the case of STATCOMs, the main control objective is the tracking of a reactive

power reference. When the dq reference frame is aligned with the grid voltage Vg_a,

the reactive power is simply obtained as [1]

The q-current reference  is then computed as

where  is the reactive power demand.

Average voltage controller (d current reference)

Q =
3

2
⋅ Vg,d ⋅ Ig,q.

Ig,q,ref

Ig,q,ref =
2
3

⋅
Qref

Vg,d
,

Qref
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https://imperix.com/doc/wp-content/uploads/2024/02/CHB_Cascaded_controller.png
https://imperix.com/doc/wp-content/uploads/2024/02/CHB_Cascaded_controller.png


The design of the average capacitor voltage controller relies on the equivalent

average voltage and capacitance, where  is the total number of H-bridge modules:

These quantities represent the energy-equivalent DC-link voltage and capacitance of

a non-cascaded 3-phase inverter, as in vector current control (TN106).

See the detailed design of the control loop

The transfer function of the plant can be expressed using the equivalent DC-link

voltage and capacitance [3]:

where  is the equivalent first-order time constant of the inner current control loop.

The controller is designed as a PI controller of the form:

The open loop transfer function  is shaped according to the

criteria:

the bandwidth is :

the phase margin is :

It can be assumed that the bandwidth  is much smaller than the bandwidth of

the inner control loop . Therefore, the factor  can be neglected at

. The solution of the two equations above can then be expressed in terms

of  and .

The gains of the PI controller are computed as:

N

Vdc,eq =
1

√3
⋅
N−1

∑
i=0

Vdc,i

Cdc,eq = 3 ⋅
Cdc

N
.

Gplant(s) =
1

1 + s ⋅ Tcc
⋅

1

s ⋅ Cdc,eq
⋅

3

2
⋅
Vg,d

Vdc,eq
,

Tcc

GPI(s) = Kp,V +
Ki,V

s
.

Gol(s) = Gplant(s) ⋅ GPI(s)

ωBW

|Gol (jωBW )| = 1

ϕPM

arg (Gol (jωBW )) = −180° + ϕPM .

ωBW

1/Tcc 1/(1 + s ⋅ Tcc)

s = jωBW

Kp,V Ki,V

Kp,V = ωBW ⋅
2

3
⋅
Vdc,eq

Vg,d
⋅ Cdc,eq ⋅ √ tan2(ϕPM)

1 + tan2(ϕPM)

Ki,V = Kp,V ⋅
ωBW

tan(ϕPM)
.

https://imperix.com/doc/implementation/vector-current-control


By choosing the bandwidth as  and the phase margin as

, a good compromise between tracking dynamics and damping is

obtained in simulation and experimentally.

dq current controller

The dq current controller is implemented as proposed in vector current control

(TN106). Note that the only difference with the present article is the convention used

for the sign of the grid currents (positive when injected into the grid). The sign of the

currents Ig_abc and Ig_dq must therefore be inverted in all equations and block

diagrams.

Horizontal voltage balancing

An imbalance of the average capacitor voltages across the three branches is

equivalent to an imbalance of the stored energy in the branches. Consequently, such

an imbalance can be compensated by acting on the active power flow into each one

of the branches. In [2], it is shown that asymmetric branch power flows can be

achieved by applying an appropriate common-mode voltage (corresponding to a

star-point potential) oscillating at the grid frequency. This balancing common-mode

voltage can be calculated as below, using , ,

 and .

See the detailed calculation of the balancing common-mode voltage

The computations in [2] are based on the positive-negative-zero sequence

representation, but the same approach can be used using the dq grid currents and

branch voltages. The common mode voltage is modeled by its amplitude  and

phase :

and

ωBW = 0.8 ⋅ π ⋅ fgrid

ϕPM = 50°

α2 = 1
2
Ig,d α3 = 1

2
Ig,q

β2 = − 1
4 Ig,d + √3

4 Ig,q β3 = − √3
4 Ig,d – 1

4 Ig,q

Vcm

ϕcm

Ig,a(t) = Ig,d ⋅ cos(ωt) –Ig,q ⋅ sin(ωt)

Ig,b(t) = Ig,d ⋅ cos(ωt − 2π
3 ) –Ig,q ⋅ sin(ωt − 2π

3 )

Ig,c(t) = Ig,d ⋅ cos(ωt + 2π
3 ) –Ig,q ⋅ sin(ωt + 2π

3 )

Ea(t) = Ed ⋅ cos(ωt) –Eq ⋅ sin(ωt) + Vcm ⋅ cos(ωt + ϕcm)

Eb(t) = Ed ⋅ cos(ωt − 2π
3 ) –Eq ⋅ sin(ωt − 2π

3 ) + Vcm ⋅ cos(ωt + ϕcm)

Ec(t) = Ed ⋅ cos(ωt + 2π
3 ) –Eq ⋅ sin(ωt + 2π

3 ) + Vcm ⋅ cos(ωt + ϕcm).

https://imperix.com/doc/implementation/vector-current-control
https://imperix.com/doc/implementation/vector-current-control


The active power flowing into each branch is obtained by multiplying the grid current

with the corresponding branch voltage and then ignoring the oscillating terms:

Using the total active power

and the definitions of , , , and  above, the power asymmetry in branches a

and b can be found as:

Since all 3 power asymmetries sum up to 0, the power asymmetry in branch c does

not form an independent equation and is therefore not needed.

Solving these two equations in terms of  and  allows finding the amplitude

and phase of the common-mode voltage which is necessary to achieve the desired

branch power asymmetries  and  [2]:

Using properties of the trigonometric functions, the expression for the resulting

balancing voltage signal  simplifies to the expression

below.

The balancing voltage is computed as:

The proposed balancing controller is a simple proportional controller that takes the

voltage imbalances as input and outputs the branch power asymmetries  and

. Thanks to the purely integral nature of the plant (capacitor), the proportional

controller yields no steady-state error.

The required common-mode voltage  can then be computed from the

equations above and is appended as 0-component to the voltage reference E_dq_ref.

Pbr,a = 1
2 Ed ⋅ Ig,d + 1

2 Vcm ⋅ Ig,d ⋅ cos(ϕcm) + 1
2 Vcm ⋅ Ig,q ⋅ sin(ϕcm)

Pbr,b = 1
2 Ed ⋅ Ig,d + 1

2 Vcm ⋅ Ig,d ⋅ cos(ϕcm + 2π
3 ) + 1

2 Vcm ⋅ Ig,q ⋅ sin(ϕcm + 2π
3 )

Pbr,c = 1
2 Ed ⋅ Ig,d + 1

2 Vcm ⋅ Ig,d ⋅ cos(ϕcm − 2π
3 ) + 1

2 Vcm ⋅ Ig,q ⋅ sin(ϕcm − 2π
3 ).

Ptot = 3
2 Ed ⋅ Ig,d

α2 α3 β2 β3

ΔPa = Pbr,a – 1
3 Ptot = α2 ⋅ Vcm ⋅ cos(ϕcm) + α3 ⋅ Vcm ⋅ sin(ϕcm)

ΔPb = Pbr,b – 1
3 Ptot = β2 ⋅ Vcm ⋅ cos(ϕcm + 2π

3 ) + β3 ⋅ Vcm ⋅ sin(ϕcm + 2π
3 ).

Vcm ϕcm

ΔPa ΔPb

ϕcm = atan( −ΔPb ⋅ α2 + ΔPa ⋅ β2

ΔPb ⋅ α3 − ΔPa ⋅ β3
)

Vcm =
ΔPa

α2 ⋅ cos(ϕcm) + α3 ⋅ sin(ϕcm)
.

Ebal,hor = Vcm ⋅ cos(ωt + ϕcm)

Ebal,hor =
(ΔPa ⋅ β3 − ΔPb ⋅ α3) ⋅ cos(ωt) + (ΔPa ⋅ β2 − ΔPb ⋅ α2) ⋅ sin(ωt)

α2 ⋅ β3 − α3 ⋅ β2
.

ΔPa

ΔPb

Ebal,hor



The whole control structure of the horizontal voltage balancing is illustrated in Figure

4.

Figure 4: Structure of the horizontal voltage balancing controller

Vertical voltage balancing

For the sake of readability, this paragraph will only focus on the vertical voltage

balancing within a branch of the cascaded h-bridge. The same procedure is

implemented in branches b and c as well.

The voltage reference  must be distributed to the individual H-bridge

submodules. The degree of freedom in the distribution of the voltage references can

be used to adjust the individual power flowing into each H-bridge. This, in turn, allows

the proper balancing of the energy content (i.e. capacitor voltage) of the H-bridges.

In [1], a simple distribution consisting of an evenly distributed term and an additive

balancing term is proposed:

where  is the number of H-bridge submodules per branch. The balancing term

 is the output of a proportional controller (gain ) taking the voltage

imbalance  as error input:

The structure of this concept is illustrated in the figure below.

Ea,ref

EHB,ia,ref =
3

N
Ea,ref + Ebal,ia ,

N
3

Ebal,ia Kp,bal,vert

ΔVdc,ia

Ebal,ia =  –Kp,bal,vert ⋅ sign(Ig,a) ⋅ Vdc,ia  –
3

N

N
3 −1

∑
ia=0

Vdc,ia

ΔVdc,ia

.
⎛⎜⎝ ⎞⎟⎠
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Figure 5: Structure of the vertical voltage balancing controller

See why this choice is made

The choice of  ensures that the total branch voltage reference does indeed

equal to :

Moreover, to show that the chosen balancing voltage reference does indeed balance

the capacitor voltages, the power flowing into the half-bridges (i.e. into the

capacitors) must be analyzed.

Assuming that , the instantaneous power flowing into H-bridge  can be

expressed as:

Identically, the total instantaneous power flowing into the branch is

Consequently, the power asymmetry flowing into H-bridge  is expressed as:

It appears that the power asymmetry  and the voltage imbalance  are of

opposite signs:

This shows that an H-bridge whose voltage is higher than the average will always

receive less power than the average (and vice-versa). The choice proposed in [1] then

indeed balances the capacitor voltages in the considered branch.

PWM modulation

In the proposed implementation, carrier-based PWM is used. The voltage reference

for an H-bridge is split between the two half-bridges A and B:

Ebal,ia

Ea,ref

N
3 −1

∑
ia=0

EHB,ia =

N
3 −1

∑
ia=0

( 3

N
Ea,ref + Ebal,ia)

= Ea,ref  –Kp,bal,vert ⋅ sign(Ig,a) ⋅

N
3 −1

∑
ia=0

Vdc,ia–
N

3
⋅

3
N

⋅

N
3 −1

∑
ia=0

Vdc,ia

= 0

= Ea,ref .
⎛⎜⎝ ⎞⎟⎠

Ea ≈ Ea,ref ia

Pia(t) = Ig,a ⋅ EHB,ia = Ig,a ⋅
3

N
Ea + Ig,a ⋅ Ebal,ia .

Ptot,a(t) = Ig,a ⋅ Ea.

ia

ΔPia = Pia  –
3

N
Ptot,a = Ig,a ⋅ Ebal,ia .

ΔPia ΔVdc,ia

ΔPia =  –Kp,bal,vert ⋅ |Ig,a| ⋅ ΔVdc,ia .

EHB,A,ref =
1
2

⋅ EHB,ref

https://imperix.com/doc/software/carrier-based-pwm


To generate the gate signals, the resulting half-bridge reference voltages are

compared to a common triangular carrier in the range , as shown in Figure

6.

Figure 6: Illustration of the carrier-based PWM for H-bridges

Control software implementation

Two sets of files are proposed, suitable for implementing the control and simulating

its behavior in MATLAB Simulink or Plexim PLECS environment.

Download TN165_CHB_control_Simulink.zip

Download TN165_CHB_control_PLECS.zip

EHB,B,ref = −
1
2

⋅ EHB,ref .

[− Vdc

2
, Vdc

2
]
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The provided models allow the configuration of the number of H-bridges between 1

per phase (N=3) and 8 per phase (N=24). By default, 4 H-bridges per phase are

configured (N=12) which allows wiring the cascaded H-bridge using the standard

MMC bundle.

Experimental results

The control algorithm can be easily compiled using the ACG SDK and tested on

imperix hardware. For instance, the standard MMC bundle allows connecting a total

of N=12 H-bridges with little re-wiring effort and without additional hardware. Thanks

to optical expansion boards for additional PWM output signals, the MMC bundle can

be extended to control up to N=24 H-bridges. The resulting waveforms are monitored

with the imperix Cockpit software and are visible in Figure 7. At t = 100 ms, the

vertical balancing is activated, which forces the capacitor voltages to converge

within each phase. At t = 200 ms, the horizontal balancing is activated, which forces

all capacitor voltages to converge across the whole converter. At t = 300 ms, the

reactive power reference is changed from 4 kVar to -4 kVAr.

https://imperix.com/doc/wp-content/uploads/2024/01/CHB_PLECS.png
https://imperix.com/doc/wp-content/uploads/2024/01/CHB_PLECS.png
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Figure 7: Experimental results for the grid-connected cascaded H-bridge

with N=24 H-bridges showing the effect of balancing and a reactive

power step response
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