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System modelling

Constant power loads (CPLs)

𝐿𝑖
𝑑𝑖𝐿,𝑖
𝑑𝑡

= 𝑈𝑖 − 𝑟𝑠,𝑖𝑖𝐿,𝑖 − 1 − 𝑢𝑖 𝑉𝑖

𝐶𝑖
𝑑𝑉𝑖
𝑑𝑡

= 1 − 𝑢𝑖 𝑖𝐿,𝑖 − 𝑖𝑖

𝐿𝐻𝑉
𝑑𝑖𝐿,𝐻𝑉
𝑑𝑡

= 𝑉𝐿𝑉 − 𝑟𝑠,𝐻𝑉𝑖𝐿,𝐻𝑉 − 1 − 𝑢𝐻𝑉 𝑉𝐻𝑉

𝐶𝐻𝑉
𝑑𝑉𝐻𝑉
𝑑𝑡

= 1 − 𝑢𝐻𝑉 𝑖𝐿,𝐻𝑉 − 𝑖𝐻𝑉

𝑃 = 𝑖𝐶𝑃𝐿𝑉𝐿𝑉

𝑖𝐶𝑃𝐿 = 𝑖𝑃𝑉 − 𝑖𝐻𝑉 +෍

𝑖=1

𝑛

𝑔𝑖 𝑉𝑖 − 𝑉𝐿𝑉

∀ 𝑖 ∈ 1,… , 𝑛



Adaptive droop control

Drawbacks:
▪ Mismatches in output/line resistances cause inaccurate power sharing.
▪ Trade-off between the voltage regulation and load power sharing.
▪ External protection circuits/limiters are required under faulty conditions.

which can guarantee load power sharing
proportional to the BESS instantaneous state of
charge.

𝜏𝑗 ሶ𝑉𝑗 = 𝑉𝑗
∗ − 𝑉𝑗 −𝑚𝑗𝑖𝑗 , ∀ 𝑗 ∈ 1, … , 𝑛, 𝐻𝑉

Proposed robust droop for converters interfacing BESS (HV interconnection) takes the form.

𝝉𝒊 ሶ𝑽𝒊 = 𝑉∗ − 𝑽𝑳𝑽 −
𝒎𝒊

𝑺𝑶𝑪𝒊
𝝆 𝒊𝒊, ∀ 𝑖 ∈ 1, … , 𝑛

For 𝒎𝟏 = 𝒎𝟐 = ⋯ = 𝒎𝒏, one obtains

𝟏

𝑺𝑶𝑪𝟏
𝝆 𝒊𝟏 =

𝟏

𝑺𝑶𝑪𝟐
𝝆 𝒊𝟐 = ⋯ =

𝟏

𝑺𝑶𝑪𝒏
𝝆 𝒊𝒏

𝝉𝑯𝑽 ሶ𝑽𝑯𝑽 = 𝑽𝑯𝑽
∗ − 𝑽𝑯𝑽 −𝒎 𝒊𝑯𝑽 − 𝒊𝒔𝒆𝒕



Adaptive droop control

Suppressing circulating currents

Voltage reference selection to avoid voltage collapse

E.g. for two BESS at the LV bus, one has the circulating current 𝑖𝑐𝑐 as

𝑖𝑐𝑐 = 𝑖1 −
𝑚2

𝑆𝑂𝐶2
𝜌

𝑚1

𝑆𝑂𝐶1
𝜌

−1

𝑖2 𝑖𝑐𝑐 → 0

𝑉∗ selection is made satisfying an inequality of the form

𝑉∗ > 𝜙 𝑃



where 𝑓 is a smooth functions that incorporates the adaptive droop control, or the current
control for HV interconnection

Consider the input duty-ratio defined as

𝑢𝑗 = 1 −
𝑈𝑗 − 𝐸𝑚𝑎𝑥,𝑗𝑠𝑖𝑛 𝜎𝑗 + 𝑟𝑣,𝑗𝑖𝐿,𝑗

𝑉𝑗

ሶ𝜎𝑗 =
𝑘𝐼,𝑗

𝑟𝑣,𝑗
𝑓 𝑖𝐿,𝑗 , 𝑉𝑗 𝑐𝑜𝑠 𝜎𝑗

𝑓 𝑖𝐿,𝑗 , 𝑉𝑗 = ൞
𝑉∗ − 𝑉𝐿𝑉 −

𝑚𝑖

𝑆𝑂𝐶𝑖
𝜌 𝑖𝑖 , ∀ 𝑖 ∈ 1, … , 𝑛

𝑉𝐻𝑉
∗ − 𝑉𝐻𝑉 −𝑚 𝑖𝐻𝑉 − 𝑖𝑠𝑒𝑡

Assumption. The present approach considers at least one converter-interfaced source
connected to the low-voltage bus to stabilise the bus voltage.

Adaptive droop control



By replacing the control input 𝑢𝑗 into the current dynamics, one obtains the closed-loop current dynamics

Proposition 2. The solution 𝑖𝐿,𝑗 𝑡 with the initial condition 𝑖𝐿,𝑗 0 ≤
𝐸𝑚𝑎𝑥,𝑗

𝑟𝑣,𝑗
is uniformly ultimately bounded, i.e.

𝑖𝐿,𝑗 𝑡 ≤ 𝑖𝐿,𝑗
𝑚𝑎𝑥, ∀ t > 0, with the maximum current given as 𝑖𝐿,𝑗

𝑚𝑎𝑥 =
𝐸𝑚𝑎𝑥,𝑗

𝑟𝑣,𝑗
.

Proof. Consider the following continuously differentiable Lyaponov function candidate

Adaptive droop control

𝐿
𝑑𝑖𝐿,𝑗

𝑑𝑡
= 𝐸𝑚𝑎𝑥,𝑗𝑠𝑖𝑛 𝜎𝑗 − 𝑟𝑠,𝑗 + 𝑟𝑣,𝑗 𝑖𝐿,𝑗

At steady state, there is

𝑖𝐿,𝑗 ≈
𝐸𝑚𝑎𝑥,𝑗𝑠𝑖𝑛 𝜎𝑗

𝑟𝑣,𝑗

𝑊𝑗 =
1

2
𝐿𝑗𝑖𝐿,𝑗

By taking the time derivative

ሶ𝑊𝑗 = − 𝑟𝑠,𝑗 + 𝑟𝑣,𝑗 𝑖𝐿,𝑗
2 + 𝐸𝑚𝑎𝑥,𝑗𝑠𝑖𝑛 𝜎𝑗 𝑖𝐿,𝑗



The solution is uniformly ultimately bounded. Thus, if initially 𝑖𝐿,𝑗 0 ≤
𝐸𝑚𝑎𝑥,𝑗

𝑟𝑣,𝑗
, then it holds that

Adaptive droop control

By taking the time derivative

ሶ𝑊𝑗 ≤ − 𝑟𝑠,𝑗 + 𝑟𝑣,𝑗 𝑖𝐿,𝑗
2 + 𝐸𝑚𝑎𝑥,𝑗𝑠𝑖𝑛 𝜎𝑗 𝑖𝐿,𝑗

Given 𝜎𝑗 ∈ −
𝜋

2
,
𝜋

2
from the nonlinear sl-PID design, one has

ሶ𝑊𝑗 ≤ − 𝑟𝑠,𝑗 + 𝑟𝑣,𝑗 𝑖𝐿,𝑗
2 + 𝐸𝑚𝑎𝑥,𝑗 𝑖𝐿,𝑗 ,

which implies that

ሶ𝑊𝑗 ≤ −𝑟s,𝑗𝑖𝐿,𝑗
2 , ∀ 𝑖𝐿,𝑗 ≥

𝐸𝑚𝑎𝑥,𝑗

𝑟𝑣,𝑗

𝑖𝐿,𝑗 𝑡 ≤
𝐸𝑚𝑎𝑥,𝑗

𝑟𝑣,𝑗
, ∀ 𝑡 > 0

𝑖𝐿,𝑗
𝑚𝑎𝑥

The proof is complete.            ∎
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Simulation results



Conclusions

The controller proposed can achieve the following:

✓ Load power sharing among BESS

✓ Voltage regulation near reference

✓ Input/interconnection current limitation without knowledge of the system parameters and additional 

protection circuits such as limiters and/or saturators.
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