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3.5 Effectiveness Boundary of voltage balancing in DCMC converters

The effectiveness boundary of voltage balancing in Diode-Clamped
Multilevel Converters (DCMC) refers to the limits within which voltage
balancing techniques can maintain the capacitor voltages at their desired
levels. Beyond this boundary, the control methods may struggle to maintain
proper balance, leading to instability, increased harmonic distortion,
excessive voltage stress on devices, and reduced converter efficiency.
Understanding the factors that define this boundary is crucial for the reliable

design and operation of DCMC systems.

Here are the key factors influencing the effectiveness boundary of

voltage balancing in DCMC converters:

1. Number of Levels

The number of levels in a multilevel converter plays a significant role
in determining the complexity and effectiveness of voltage balancing. As the

number of levels increases:

o Increased Number of Capacitors: More levels mean more DC-link
capacitors, and each capacitor must be individually balanced. The
more capacitors involved, the more complex the balancing control
becomes.

« More Redundant States: Higher levels also increase the number of
redundant switching states, which can be used to balance capacitor
voltages.
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Effectiveness Boundary: The control methods are more effective at
balancing voltages in converters with a moderate number of levels (e.g., 3-5
levels). As the number of levels increases (e.g., 7, 9, 11 levels), the
complexity of managing and optimizing switching states increases, and

maintaining balance under dynamic conditions becomes more challenging.

2. Switching Frequency

The switching frequency of the converter impacts the speed and

accuracy of voltage balancing. At higher switching frequencies:

« Improved Balancing Response: The converter has more opportunities
to adjust the switching patterns and balance the capacitor voltages
more effectively. The faster the switching frequency, the more
frequent the controller can intervene to adjust the voltages.

o Increased Losses: However, higher switching frequencies lead to
greater switching losses, which may reduce the overall efficiency of

the converter.

Effectiveness Boundary: At lower switching frequencies, the effectiveness of
voltage balancing diminishes due to fewer opportunities to adjust the
switching states. This can result in slower response times and larger
deviations in capacitor voltages. Effective balancing may be difficult to
achieve at low switching frequencies, especially in high-power applications

where switching losses are a concern.
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3. Load Conditions

Load dynamics significantly affect the effectiveness of voltage

balancing control in DCMC converters. Under varying load conditions:

« Constant Loads: When the converter operates under constant or near-
constant load conditions, voltage balancing is relatively
straightforward, and most balancing control methods can perform
effectively.

« Dynamic Loads: Rapid changes in load conditions (e.g., step changes in
power demand, regenerative loads) can cause large and sudden
changes in power flow through the converter, leading to rapid
fluctuations in capacitor voltages. This makes it more challenging for

the voltage balancing controller to maintain stability.

Effectiveness Boundary: Voltage balancing control becomes less effective
under highly dynamic load conditions. Large or rapid load changes can push
the balancing control system beyond its ability to maintain balanced
voltages, especially if the control response is too slow or if there are too few

redundant states available to compensate for the fluctuations.

4. Modulation Strategy

The effectiveness of voltage balancing is highly dependent on the
chosen modulation strategy. Different modulation techniques (e.g., Level-
Shifted PWM, Phase-Shifted PWM, Space Vector Modulation (SVPWM),
Selective Harmonic Elimination (SHE)) offer varying levels of control over

voltage balancing.
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« Level-Shifted PWM: This technique is relatively simple and effective

for low to moderate numbers of levels, but it may struggle to maintain
balance under dynamic conditions or in converters with many levels.

« SVPWM: Space Vector Modulation provides better control over the
neutral-point and capacitor voltages, especially when redundant
vectors are used. However, it is more computationally intensive and
may have limitations at very high power levels or with rapid load

transients.

Effectiveness Boundary: The choice of modulation scheme defines the
boundary for voltage balancing control. Advanced modulation techniques
such as SVPWM are more effective at balancing voltages but may require
more computational resources and may become less effective at extreme

levels of load dynamics or complexity.

5. Neutral-Point Voltage Fluctuations

In Neutral-Point Clamped (NPC) converters (a subtype of diode-
clamped converters), the neutral-point voltage (i.e., the midpoint of the DC-
link capacitors) must remain balanced. Imbalances in the neutral point cause

the capacitor voltages to drift, leading to poor voltage balancing.

o Neutral-Point Voltage Drift: During converter operation, unequal
charging and discharging of the capacitors can cause the neutral-point
voltage to drift from its reference value. This can occur due to uneven

power flow or insufficient control over the switching sequences.
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Effectiveness Boundary: The control techniques for neutral-point voltage

balancing can only correct imbalances within a certain range. Large drifts in

neutral-point voltage, especially under high power conditions, may push the

control system beyond its effective boundary. If the drift becomes too large,

it can cause permanent imbalances in the capacitor voltages and lead to

converter malfunction.
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Figure 3.5.1 Optimization diagram of Multilevel Converter

[Source: “Power Electronics” by P.S.Bimbra, Khanna Publishers Page: 461]
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6. Capacitor Sizing and Characteristics :

The size and characteristics of the DC-link capacitors directly influence
the balancing control's effectiveness. Factors include: Capacitor Size
(Capacitance Value): Larger capacitors can store more energy, making it
easier to maintain voltage stability. However, large capacitors also have
slower dynamic response times, which can make balancing more difficult
under rapidly changing load conditions. Capacitor ESR (Equivalent Series
Resistance): High ESR values can lead to increased losses and voltage drops

across the capacitors, making voltage balancing less efficient.

7. Power Levels and Converter Size

The power rating of the converter is another factor affecting the
voltage balancing effectiveness boundary. As the power level increases:
Increased Voltage Stress: Higher power levels result in greater voltage stress

on the semiconductor devices, which makes voltage balancing more critical.

o Higher Current Flow: At higher power levels, the current flowing
through the capacitors increases, making voltage balancing more
challenging due to increased power dissipation and losses in the

capacitors and switches.

Effectiveness Boundary: As the converter's power level increases, the
effectiveness of voltage balancing control may degrade due to higher voltage
and current stresses. At very high power levels, active control techniques
(such as Model Predictive Control (MPC)) may be required to maintain

stability within the effectiveness boundary.
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