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Abstract—In this paper, we propose a 3-level double
conversion uninterruptible power supply with a new coop-
erative and dynamically weighted model predictive control
technique. A 3-level dc–dc converter is used to improve the
dc bus balance and the overall response of the uninterrupt-
ible power supply (UPS). A new cooperative model predic-
tive control principle is proposed to enhance the response
of multiconverter systems. New controllers are proposed
for all converters of the UPS, based on the dynamically
weighted model predictive control technique and using the
presented cooperative principle. A new power management
technique is also proposed for the UPS. The proposed
3-level UPS system presents improved dynamic response
and steady-state performance in distinct operating points,
when compared to the conventional system. Experimental
results demonstrate the advantages of each proposed
novelty.

Index Terms—Neutral-point-clamped (NPC), optimal
switching vector model predictive control (OSV-MPC), pre-
dictive control, uninterruptible power supply (UPS).

I. INTRODUCTION

UNINTERRUPTIBLE power supplies (UPS) are crucial in
critical applications, protecting the load from grid faults

and disturbances. Hence, it is important to improve the perfor-
mance and reliability of these systems.

Multilevel converters are largely used in industrial systems,
especially the neutral-point-clamped (NPC) topology [1]. How-
ever, even though multilevel converters are frequently used in
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the ac–dc stages of UPSs, conventional dc–dc topologies are still
typically used to interface with the battery bank. In this paper,
a 3-level dc–dc (3LDC) converter is used in the UPS system, in
addition to two 3-level NPC (3LNPC) converters, improving dc
bus capacitor balancing.

Model predictive control (MPC) has proven to be an ex-
cellent control solution for power electronics [2], with optimal
switching vector MPC (OSV-MPC) being the most popular type
of MPC in this field. Despite recent advances, OSV-MPC still
presents important challenges, such as weighting factor (WF)
selection or its high computational load [2].

The computational burden of OSV-MPC is particularly steep
when it is used in systems with multiple interconnected con-
verters, especially if these are multilevel converters. In such
cases, a single OSV-MPC controller can be used to control the
whole system, but this exponentially increases the complexity
of the controller, hindering its real-time feasibility. To avoid
this, each converter is typically controlled independently [3]–
[6]. However, this means each controller overlooks the impact
of the remaining converters [3]–[5] or considers only their past
actions [6], leading to a nonoptimal control action.

This paper proposes a new cooperative control principle,
which improves multiconverter response, with the same compu-
tational effort as the fully independent solution. In the studied
UPS, this technique improves dc bus capacitor balance, as well
as the overall steady-state performance.

Another significant problem of OSV-MPC is WF selection.
Since no analytical methods exist for the selection of optimal
WFs [2], one must typically rely on extensive simulation and
testing to find the values that produce optimal results in a given
operating point (according to the chosen performance criteria)
[2], [7]–[9]. In addition, different operating points require dif-
ferent WFs to achieve optimal performance [8]–[10]. Hence, the
chosen WFs must inherently compromise performance in some
operating conditions in order to improve it in others. Moreover,
WFs also affect the dynamic response [8], [10], so WFs se-
lected for optimal steady-state operation cannot always ensure
an adequate dynamic response (as shown in this paper).

In light of these problems, some techniques avoid the use
of WFs [11]–[14], but while these avoid the problem of
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Fig. 1. Circuit of the proposed 3-level double conversion UPS system, relevant signals (measured signals shown in red) and power flow (in green).

parameter selection, they still impose a fixed weight relation
between objectives, limiting performance in different condi-
tions. Ranking-based approaches [15], [16] also avoid WFs, but
lose sensitivity in regard to error magnitude (i.e., for each ob-
jective, the controller only knows that a given control option
produces a lower error than another, but not the difference in
error amplitude).

In order to optimize OSV-MPC performance in varying condi-
tions, some solutions have been proposed to adjust the WFs dur-
ing operation [10], [17]–[21]. However, most of these techniques
have important drawbacks, such as being limited to a specific
system with specific objectives [17], [18], requiring extensive
training [19] or providing a discontinuous WF variation [20],
[21]. The dynamically weighted OSV-MPC (DWMPC) tech-
nique, proposed in [10], provides an analytic approach for the
continuous real-time adjustment of WFs. This technique allows
the controller to adapt to different operating conditions, improv-
ing both the steady-state performance and dynamic response.

This paper proposes a cooperative DWMPC (Co-DWMPC)
UPS control system, combining the presented cooperative con-
trol principle with new DWMPC controllers for all converters
of the UPS system. The DWMPC controllers complement
the cooperative principle, defining a hierarchy regarding the
common objective. This improves both the dc bus capacitor
balance and other UPS parameters (load voltage and grid
current). These techniques ensure high converter cooperation
and control adaptability, improving steady-state performance
at different operating points and the overall dynamic response.

A new power management system (PMS) based on the UPS
power balance is also proposed, providing faster transient
response than conventional proportional-integral (PI) con-
trollers, with no overshoot, and very little design effort. This
solution also provides low grid current distortion, even with
highly nonlinear loads, and uses the dc–dc converter to aid in
(dis)charging the dc bus.

In summary, this paper has three main contributions, which
are as follows.

1) A new cooperative OSV-MPC principle, for improved
multiconverter performance, with low computing cost.

2) New OSV-MPC controllers for all converters of the UPS,
based on the DWMPC technique and the new cooperative
principle.

3) A new UPS PMS, with very fast dynamic response and
good steady-state performance.

The proposed control system provides improved UPS steady-
state performance and dynamic response when compared to
conventional OSV-MPC and PI-based solutions.

The studied UPS system is presented in Section II. An
overview of the proposed control system is presented in
Section III, including the new PMS. The conventional OSV-
MPC controllers, used for comparison, are presented in
Section IV. The principle of cooperative OSV-MPC is proposed
in Section V and the proposed Co-DWMPC controllers are
given in Section VI. Finally, experimental results demonstrating
the merits of each proposal are presented in Section VII, and
Section VIII concludes this paper.

II. STUDIED SYSTEM AND MATHEMATICAL MODEL

In this paper, a 3-level double conversion UPS system is
proposed, consisting of two 3LNPC converters and a 3LDC
converter sharing a single dc bus, as represented in Fig. 1.

All 3-phase signals are studied in the αβ reference frame.
The space vector of each 3-phase variable x is given by

x = xα + jxβ =
2
3

(
xR + a xS + a2 xT

)
(1)

where a = ej 2 π
3 . On the load-side, R,S, T are replaced with

A,B,C. The used space vector notation is shown in Fig. 1.
Each 3LNPC converter has three possible switching states SX

in each phase X (SX ∈ {−1, 0, 1}), which produce pole voltage
values vX M ∈ {−vC2 , 0, vC1 }, respectively. The three phases
are represented by X ∈ {R,S, T} on the grid-side converter
(GSC) and by X ∈ {A,B,C} on the load-side converter (LSC).
The voltage at the ac terminals of the GSC and LSC (analogous)
is given, in space vector format, by

vg = vgα
+ jvgβ

=
2
3

(
vRM + a vSM + a2 vT M

)
. (2)
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The grid-side and load-side circuit dynamics are given by

dig
dt

= −Rg

Lg
ig +

1
Lg

vs − 1
Lg

vg (3)

⎧
⎨

⎩

diL

dt = −RL

LL
iL − 1

LL
vload + 1

LL
vL

dv l o a d
dt = 1

CL
iL − 1

CL
iload

. (4)

The dc–dc converter (DCC) has four possible switching
states, SD ∈ {0, 1, 2, 3}, which produce voltage values vD ∈
{0, vC1 , vC2 , vdc}, respectively. The battery current dynamics
is given by

dibat

dt
= −RD

LD
ibat − 1

LD
vbat +

1
LD

vD . (5)

The behavior of the dc bus capacitors is modeled by

dvCn

dt
=

1
Cdc

iCn
, n = 1, 2 (6)

{
iC1 = iPg

− iPL
− iPD

= iC2 − iMg
+ iML

+ iMD

iC2 = −iNg
+ iNL

+ iND
= iC1 + iMg

− iML
− iMD

(7)
⎧
⎪⎪⎨

⎪⎪⎩

iPg
= iR (SR = 1) + iS (SS = 1) + iT (ST = 1)

iMg
= iR (SR = 0) + iS (SS = 0) + iT (ST = 0)

iNg
= iR (SR = −1) + iS (SS = −1) + iT (ST = −1)

(8)
⎧
⎪⎪⎨

⎪⎪⎩

iPD
= ibat ((SD = 1) + (SD = 3))

iMD
= −ibat (SD = 1) + ibat (SD = 2)

iND
= −ibat ((SD = 2) + (SD = 3))

(9)

where (SX = n) is 1 if SX has value n and 0 otherwise.
iPL ,iML

, iNL
are calculated analogously to (8).

III. PROPOSED UPS CONTROL SYSTEM

The proposed UPS control system is schematically repre-
sented in Fig. 2. At each sampling instant k, the signals shown
in red in Fig. 1 are measured. As usual, a one-step prediction
is used to account for the calculation time of the control algo-
rithm. Hence, the system state at k + 1 is estimated considering
the switching states applied at k. The predictive controllers then
select the action that minimizes a given cost function at k + 2
(discussed in the next sections).

A. System State Prediction at k + 1

Using the forward Euler method, the grid-side current at k + 1
is predicted using

i p
gα

[k + 1] =
(

1 − RgTs

Lg

)
igα

[k] +
Ts

Lg
vsα

[k] − Ts

Lg
vgα

[k] .

(10)

Fig. 2. Schematic representation of the proposed UPS controller, with
a novel PMS and cooperative DWMPC controllers.

The load-side filter model is considered in state-space form,
as described in [22], leading to

[
i p
Lα

v p
loadα

]
[k + 1] = A

⎡

⎣
iLα

vloadα

îloadα

⎤

⎦ [k] + BvLα
[k] (11)

A =
[

A11 A12 A13
A21 A22 A23

]
, B =

[
B1
B2

]
(12)

where A, B are the discrete state-space matrices and îload [k]
is the estimated load current, obtained using an observer [22].
Similar equations are used for the β components. The battery
current and dc bus capacitor voltages are predicted by

i p
bat [k + 1] =

(
1 − RD Ts

LD

)
ibat [k]

− TS

LD
vbat [k] +

TS

LD
vD [k] (13)

{
v p

C1
[k + 1] = vC1 [k] + Ts

Cd c
iC1 [k]

v p
C2

[k + 1] = vC2 [k] + Ts

Cd c
iC2 [k]

(14)

where iC1 [k] and iC2 [k] are calculated using (7)–(9).

B. UPS Power Management

In a UPS system, the current references are typically obtained
using a PI controller. Even though this provides zero steady-state
error, its dynamic response is not always satisfactory and its
tuning can be difficult. For this reason, a new power management
algorithm is proposed. Based on the UPS power balance, the grid
power reference is given by

P ∗
grid =(Pgrid − Pg ) + PL + (P ∗

bat + (PD − Pbat)) + P ∗
charge

(15)
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where Pgrid is the active power currently drawn from the grid,
Pload is the active power supplied to the load, Pbat is the
power supplied to the batteries and Pg , PL , PD are the ac-
tive powers supplied/drawn by each converter to/from the dc
bus (shown in Fig. 1). P ∗

charge represents the power required to
charge/discharge the dc bus to the reference voltage in a horizon
of Ncharge samples [6], [10]. From [6], [10] P ∗

charge is typically
given by

P ∗
charge =

Cdc
(
v∗2

dc − v2
dc

)

4Ncharge · Ts
(16)

and functions similarly to a feed-forward term. As shown in [6]
and [10], this approach provides excellent results when used
with linear loads. However, when the UPS supplies a nonlinear
load, the instantaneous power drawn from the dc bus by the
LSC, pL , has a highly oscillating component p̃L = pL − PL ,
which leads to a steady-state dc bus voltage oscillation. With the
formulation in (16), P ∗

charge reflects this oscillation, leading to an
oscillating P ∗

grid and significant grid current distortion. To avoid
this, a new P ∗

charge formulation is now proposed, overlooking
the effect of the oscillating power component p̃L . Hence, P ∗

charge
is given by

P ∗
charge =

Cdc
(
v∗2

dc − v2
dc

)
/4 − int (p̃L )

Ncharge · Ts
(17)

where int (p̃L ) is the discrete integral of p̃L . The dc component
of the integral is overlooked. This term represents the energy
drawn from the dc bus due to p̃L . With this formulation, the
PMS overlooks the dc bus voltage oscillation caused by the
nonlinearity of the load, ensuring sinusoidal grid currents at any
load condition.

This approach provides very fast voltage tracking with no
overshoot and very little design effort. The only design parame-
ter is the charging horizon Ncharge , which defines the response
time of the system. For example, Ncharge = 80 with Ts = 70 μs
means the PMS always aims to (dis)charge the dc bus in 5.6 ms.
The main disadvantage of this technique is the possibility of a
steady-state error, due to power estimation inaccuracies. How-
ever, a small dc bus voltage deviation has no significant impact
on the UPS operation.

The grid current references (i
∗
g ) are calculated using P ∗

grid and
the grid voltage phase, given by a phase-locked loop (PLL). To
avoid over-currents, the current references are limited to their
nominal value whenever they surpass it. When this happens, the
GSC is unable to supply all required power P ∗

grid , so the DCC is
called upon to supply the difference. The battery current needed
to complement the GSC power is subtracted from the charging
current given by the battery management system (i∗batch a r g e

),
resulting in the battery current reference (i∗bat). This strategy
requires no tuning and is valid for all UPS operation modes,
so no transition between modes is needed. Additionally, the
DCC can aid the GSC in all UPS modes (to compensate grid
unavailability, undervoltages, sags, disturbances, etc.).

Power converter components, such as capacitors and insu-
lated gate bipolar transistors (IGBTs), can be easily damaged
by overvoltages. Hence, it is important to ensure that the dc bus
capacitors do not exceed a maximum voltage threshold. Since
the power reference considers only the total dc voltage, the UPS

can actually overcharge one of the capacitors when these are un-
balanced. To avoid this, the dc bus voltage reference is adjusted
as

v∗
dc = min

(
v∗

dcin i t
, 2vCm a x − |ΔvC |

)
(18)

where ΔvC = vC1 − vC2 . This way, when the capacitors are
unbalanced, the controller only charges them until the one with
the highest voltage reaches vCm a x (avoiding overvoltages).

IV. CONVENTIONAL OSV-MPC CONTROLLERS

Given the predicted system state at k + 1 and the calculated
references, the controller of each UPS converter selects the con-
trol action (to be applied at k + 1) that minimizes a given cost
function at k + 2. This section presents the conventional OSV-
MPC controller formulation for each converter. This formulation
is then used as the base for the deduction of the new DWMPC
controllers in Section VI and for comparison in the experimental
results.

A. Grid-Side Controller

The grid-side controller considers two objectives: the mini-
mization of the grid current vector error (gig

); and the balancing
of the dc bus capacitor voltage (gbalg ). The global grid-side
controller cost function is

Gg = gig
· Wig

+ gbalg · Wbalg (19)

where each Wx represents the WF of the corresponding partial
cost function gx . The GSC switching state that minimizes Gg

is applied at the next sampling instant (k + 1). Due to space
restrictions, switching frequency limitation is overlooked in this
paper. The grid current vector error is minimized using the
partial cost function

gig
=

∣
∣Δi

∣
∣ =

√
(Δi p

gα [k + 2])2 +
(
Δi p

gβ [k + 2]
)2

(20)

where the current error components are given by (27)1 shown
at bottom of the next page. The grid current references (i∗gα

and i∗gβ
) are synchronized with the grid voltage using a PLL

(for unity power factor) and their amplitude is calculated using
a PI controller with the dc bus voltage error as input and the
reference power as output.

The dc bus capacitor voltage unbalance at k + 2 can be cal-
culated using (28) shown at bottom of the next page. However,
this expression requires all converters to be considered simul-
taneously, which would critically increase the required amount
of calculations (discussed in Section V). For this reason, each
converter is considered as an independent MPC system. Hence,
the GSC considers only its own impact on the capacitor voltage
balance [only γbalg is considered in (28)], resulting in the partial
cost function

gbalg =
∣
∣
∣
∣Δv p

C [k + 1] − Ts

Cdc
iMg

[k + 1]
∣
∣
∣
∣ . (21)

1Note: the corresponding β component is obtained analogously.
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B. Load-Side Controller

The global load-side controller cost function is given by

GL = gv · Wv + giL
+ gbalL · WbalL (22)

and includes three objectives: minimization of the load voltage
vector error (gv ); limitation of the LSC current (giL

); and the
balancing of the dc bus capacitors (gbalL ).

The load voltage error is minimized using the cost function

gv =
√(

Δv p
loadα

[k + 2]
)2 +

(
Δv p

loadβ
[k + 2]

)2
(23)

where the load voltage error is given by (29)2 shown at bottom
of this page. The load voltage references are sinusoidal three-
phase signals with the desired UPS output voltage frequency and
amplitude. The LSC currents at k + 2, given by (30)2 shown at
bottom of this page, are limited to ILm a x using the constraint

giL
=

{
0 ,

∣
∣i p

L [k + 2]
∣
∣ ≤ ILm a x

∞ ,
∣
∣i p

L [k + 2]
∣
∣ > ILm a x

. (24)

The capacitor voltage balancing partial cost function is

gbalL =
∣
∣
∣
∣Δv p

C [k + 1] +
Ts

Cdc
iML

[k + 1]
∣
∣
∣
∣ . (25)

C. DC–DC Controller

The global dc–dc controller cost function is given by

GD = gib a t · Wib a t + gbalD · WbalD (26)

and includes two objectives: minimization of battery current er-
ror (gib a t ); and the balancing of the dc bus capacitors (gbalD ).
The battery current error is minimized by the partial cost
function

gi = |Δibat [k + 2]| (32)

2Note: the corresponding β component is obtained analogously.

where Δibat [k + 2] is obtained using (31) shown at bottom of
this page. The capacitor voltage balancing partial cost function
is defined as

gbalL =
∣
∣
∣
∣Δv p

C [k + 1] +
Ts

Cdc
iML

[k + 1]
∣
∣
∣
∣ . (33)

In normal operation (energy flowing from the grid), the bat-
teries are charged (when needed) at an optimal current level,
dictated by a battery management system. In stored energy
mode, the batteries are discharged in order to keep the dc bus sta-
ble. In this case, the battery current reference i∗bat is calculated
using the same PI controller used for the GSC.

D. WF Selection

Since there is no analytical method to determine the optimal
OSV-MPC WFs, they are selected through extensive simulation
and testing. More importantly, the same WFs do not provide op-
timal performance at all operating points [8]–[10]. For example,
WFs selected for optimal performance at full-load do not ensure
appropriate capacitor balance in a no-load condition (shown in
Section VII). Hence, WFs must be selected to ensure acceptable
operation in all conditions, sacrificing performance in the most
common cases (e.g., full-load).

WFs are selected according to the performance objectives
described as follows by order of priority:

1) Minimize THDv l o a d .
2) Minimize THDig

.
3) Keep |ΔvC |max < 0.05 v∗

dc in steady-state.
4) Minimize ΔvCRMS .

V. COOPERATIVE OSV-MPC CONTROLLERS

The controllers shown in the previous section consider each
converter as an independent system, overlooking the effect of
each other on the dc bus. This leads to a nonoptimal control
action. An optimal solution would be to use a single, uni-
fied, OSV-MPC controller for the whole UPS. However, this
would require the full model of the UPS to be computed

Δi p
gα

[k + 2] = i∗gα
[k + 2] −

(
1 − RgTs

Lg

)
i p
gα

[k + 1] − Ts

Lg
v p

sα
[k + 1]

︸ ︷︷ ︸
ϕig α

(fixed)

+
Ts

L
vgα

[k + 1]
︸ ︷︷ ︸

γig α
(variable)

(27)

Δv p
C [k + 2] = v p

C1
[k + 1] − v p

C2
[k + 1]

︸ ︷︷ ︸
ϕbal (fixed)

+
(
− Ts

Cdc
iMg

[k + 1]
)

︸ ︷︷ ︸
γbalg (variable)

+
Ts

Cdc
iML

[k + 1]
︸ ︷︷ ︸

γbalL (variable)

+
Ts

Cdc
iMD

[k + 1]
︸ ︷︷ ︸

γbalD (variable)

(28)

Δv p
loadα

[k + 2] = v∗
loadα

[k + 2] − A21i
p
Lα

[k + 1] − A22v
p
loadα

[k + 1] − A23 îloadα
[k + 1]

︸ ︷︷ ︸
ϕvα

(fixed)

+ (−B2vLα
[k + 1])

︸ ︷︷ ︸
γvα

(variable)

(29)

i p
Lα

[k + 2] = A11i
p
Lα

[k + 1] + A12v
p
loadα

[k + 1] + A13 îloadα
[k + 1] + B1vLα

[k + 1] (30)

Δi p
bat [k + 2] = i∗bat [k + 2] − i p

bat [k + 1] +
RD TS

LD
ip
bat [k + 1] +

TS

LD
v p

bat [k + 1]
︸ ︷︷ ︸

ϕib a t (fixed)

+
(
− TS

LD
vD [k + 1]

)

︸ ︷︷ ︸
γib a t (variable)

(31)
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Fig. 3. Illustrative representation of the response obtained with two converters controlling a common variable, with different control approaches.
(a) Unified controller. (b) Independent controllers. (c) Proposed cooperative controllers.

27 × 27 × 4 = 2916 times. In comparison, the independent so-
lution requires the model of each 3LNPC converter to be com-
puted only 27 times and the 3LDC converter four times. Hence,
due to its incredibly steep computational cost, a unified con-
troller is typically unfeasible in industrial solutions, justifying
the common use of independent controllers.

An illustrative comparison of the unified and independent
controllers response is shown in Fig. 3(a) and (b), for the case
of two converters controlling a common variable. As illustrated
in Fig. 3(b), even though each independent controller attempts
to minimize the error on the common variable, their combined
action produces a nonoptimal response (in blue). In the UPS,
this means a higher capacitor voltage unbalance (oscillation).
In addition, this can lead to a deterioration of the remaining
waveforms, since a higher error in one objective is more likely
to lead to nonoptimal action on the others—leading to a lower
overall performance.

A new approach is now proposed to minimize the drawbacks
of independent controllers, with the same computational cost.
This technique is denoted as cooperative OSV-MPC (Co-MPC)
and proposes that one of the converters is made aware of the
action of the other, in order to complement it. This way, instead
of both controllers making a “blind” choice (overlooking the
other converter), the second converter takes the predicted im-
pact of the action already selected by the first one into account.
This principle is illustrated in Fig. 3(c). As shown, by taking the
action of the first converter into account, the second controller
can effectively predict the actual response of the system and
therefore select an optimal action regarding the common objec-
tive. This significantly improves the combined response of the
two converters when compared to fully independent controllers
[compare Fig. 3(b) and (c)].

Since the second controller can correct (or degrade) the action
of the first one, it inherently has a higher responsibility regard-
ing the common objective—a hierarchy is created. In a UPS
system, the main priority is to supply a high-quality load volt-
age waveform. Hence, the LSC gives a low importance to the
capacitor balancing and is more likely to have a negative impact
on it. Thus, the LSC controller is computed first. Then, the DCC
controller is computed, taking the impact of the selected LSC
action (γbalL ) into account. Finally, the GSC is computed, tak-
ing the impact of both the LSC and DCC (γbalL and γbalD ) into

account (shown in Fig. 2) and thus accurately predicting the dc
bus state at k + 2. Hence, the GSC has the highest responsibility
in maintaining capacitor balance.

This technique requires practically the same amount of cal-
culations as independent controllers, so it effectively improves
system performance without reducing its practical feasibility.
Besides improving control over the common objective, the def-
inition of a hierarchy also allows the system to improve the
remaining objectives. This approach can be used in any system
with multiple converters. Co-MPC improves the steady-state
performance of the system, but has little impact on the tran-
sient response. However, it can be perfectly combined with the
dynamic behavior of DWMPC.

VI. COOPERATIVE DYNAMICALLY WEIGHTED MPC

DWMPC, proposed in [10], uses a new cost function for-
mulation and dynamically adjusts WF in real-time to achieve
a highly adaptable behavior. This improves both steady-state
performance and dynamic response. The results presented in
[10] demonstrate the excellent performance of DWMPC when
applied to a single converter (a 3LNPC rectifier), but its poten-
tial advantages when applied to multiconverter systems were
never discussed. This paper proposes new DWMPC controllers
for all converters of the 3-level UPS system, combined with the
new cooperative principle. The proposed cooperative DWMPC
(Co-DWMPC) controllers take advantage of both the dynamic
nature of DWMPC and the improved cooperation of Co-MPC,
improving both the steady-state performance and the dynamic
response.

DWMPC is based on the analysis of the fixed and variable
components of the conventional OSV-MPC cost functions [de-
noted as ϕx and γx in expressions (27)–(31)].

The DWMPC partial cost function is generically defined as

ĝx =
�ϕx� + γx

2γxm a x

(34)

�ϕx� =

{
ϕx , |ϕx | ≤ γxm a x

γxm a x · sign (ϕx) , |ϕx | > γxm a x

(35)

where γxm a x represents the maximum value that the variable
term γx can take for the available control set.
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Fig. 4. Dynamic gain profile for objective x.

Fig. 5. Dynamic WF of the three UPS converters for dc bus balancing.

The dynamic WFs in DWMPC are defined as

Ŵx = gainx · Wx (36)

where Wx is the constant weight of objective x and gainx rep-
resents the respective dynamic gain, given by

gainx =

{
1 , |ϕx | ≤ ϕxm a x

|ϕx | hx

ϕx m a x
+ (1 − hx) , |ϕx | > ϕxm a x

(37)

where ϕxm a x represents the maximum error considered admis-
sible in steady-state and hx a chosen weight increase rate. This
results in the gain profile shown in Fig. 4. As visible in this figure,
gainx = 1 as long as the fixed error component ϕx (independent
from the converter action) remains below the maximum limit
ϕxm a x . In these conditions, the WF is constant (Ŵx = Wx ),
operating similarly to the conventional OSV-MPC. However,
when ϕx surpasses ϕxm a x , the dynamic gain and, consequently,
the WF, increases with the error (linearly). This gives a higher
priority to the correction of large errors.

Besides improving the response of a single converter, this
dynamic behavior is extremely useful when applied to multi-
converter systems, such as the proposed UPS. As described,
the main objective of the LSC is to supply a high-quality load
voltage waveform. This way, a low dc balancing weight is typ-
ically chosen for the LSC (WbalL ), to improve the load volt-
age. However, a low WbalL also means that the LSC has a
very low contribution to eliminate existing unbalances. Since a
large unbalance can compromise the operation of the system,
all converters should contribute significantly to correct it, but
this would be impossible with the same WbalL . On the other
hand, the dynamic WFs of DWMPC can present a low value in
steady-state and increase when the error rises.

This paper proposes the use of DWMPC on all UPS con-
verters, with WF profiles as illustrated in Fig. 5. As shown,
when the capacitors are balanced (approximately) the LSC has
a very low ŴbalL , focusing mostly on improving the load volt-
age waveform. In these conditions, the other converters have
significantly higher weights, but still low enough to ensure low
current distortion in steady-state. If the existing unbalance sur-
passes ϕbalg m a x

and ϕbalD m a x
, the WFs of the GSC and DCC

start to increase, in order to correct it. If these two convert-
ers cannot correct the unbalance and it surpasses ϕbalL m a x

, the
LSC will provide assistance in correcting it. Above this limit,
ŴbalL is also increased as a function of the error. This may
temporarily decrease the load voltage waveform quality, but
guarantees a fast error correction, allowing steady-state to be
restored. This perfectly complements the hierarchy defined by
the cooperative technique.

Moreover, DWMPC can adapt to different operating points,
leading to higher overall performance in distinct conditions.
Hence, Co-DWMPC ensures very high steady-state perfor-
mance and improved dynamic response.

The proposed Co-DWMPC controllers are presented next.
The dynamic WFs are obtained, at each sampling instant, using
(36) and (37), where ϕx is obtained from (27)–(31).

A. Load-Side Controller

The global load-side cost function is given by

ĜL = ĝv · Ŵv + ĝbalL · ŴbalL + giL
. (38)

The partial cost function regarding the load voltage is

ĝv =
|�ϕv � + γv |

2γvm a x

=

√
(�ϕvα

� + γvα
)2 +

(⌈
ϕvβ

⌉
+ γvβ

)2

2 · 2
3 B2vdc

(39)
Given that this function concerns a vector instead of a scalar

value, the limited fixed vector �ϕv � is not obtained from (35),
but using the following mathematical manipulation [10]

m + jn =
ϕvα

+ jϕvβ

γvm a x

· ejθ (40)

�m� =

{
m, m ≤

√
3

2√
3

2 , m >
√

3
2

; �n� =

{
n, |n| ≤ 1

2
1
2 · sign (n) , |n| > 1

2

(41)

�ϕv � = �ϕvα
� + j

⌈
ϕvβ

⌉
= γvm a x (�m� + j �n�) · e−jθ

(42)

where θ =
(

π
6 − π

3 · Sector
)

and Sector represents the sector in
which the fixed vector ϕv is located [10].

As defined by the cooperative principle, the LSC overlooks
the impact of the other converters on the dc bus [ϕbalL = ϕbal ,
from (28)]. The capacitor voltage balancing cost function is

ĝbalL =
�ϕbalL � + γbalL

2 · Ts

Cd c
· max (|iA | , |iB | , |iC |)

(43)

where �ϕbalL � is obtained from (35).

B. DC–DC Controller

The global dc–dc cost function is given by

ĜD = ĝib a t · Ŵib a t + ĝbalD · ŴbalD . (44)

The battery current partial cost function is defined as

ĝib a t =
�ϕib a t � + γib a t

2 · Ts

LD
vdc

. (45)
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TABLE I
SELECTED DWMPC PARAMETERS AND EFFECTS OF PARAMETER CHANGE

1For design simplicity, constant weights Wi g , Wi b a t , and Wv are left constant (= 1) and only their complementary weights are adjusted.
2If the capacitor unbalance |ΔvC | increases significantly, this may impact THDv l o a d .
Note: The described effect of each parameter change merely displays the general trend, it is not universally valid (increasing a given weight indefinitely does not produce the lowest
possible respective error [8], [9]); (SS = steady-state; T = transients; ↗ = tends to increase; ↘ = tends to decrease).

As per the Co-MPC principle, this converter takes into ac-
count the action already selected by the LSC. Thus, the fixed
error component ϕbalD now includes the predicted effect of
the action selected for LSC (γbalL ): ϕbalD = ϕbal + γbalL . The
capacitor balancing cost function is given by

ĝbalD =
�ϕbalD � + γbalD

2 · Ts

Cd c
· |ibat |

. (46)

C. Grid-Side Controller

The global grid-side cost function is

Ĝg = ĝig
· Ŵig

+ ĝbalg · Ŵbalg . (47)

The grid current cost function is defined as

ĝig
=

∣
∣
∣
⌈
ϕig

⌉
+ γig

∣
∣
∣

2γig m a x

=

√(⌈
ϕi g α

⌉
+γi g α

)2
+

(⌈
ϕi g β

⌉
+γi g β

)2

2 · 2
3

Ts

Lg
vdc

(48)
where the limited fixed vector

⌈
ϕig

⌉
is obtained in a similar

manner to what is shown in (40)–(42) and in [10].
Regarding the dc bus capacitor voltage balancing, the GSC

considers the influence of all converters. For this reason, the
fixed error component is now ϕbalg = ϕbal + γbalL + γbalD .
Hence, the capacitor voltage balancing cost function is

ĝbalg =

⌈
ϕbalg

⌉
+ γbalg

2 · Ts

Cd c
· max (|iR | , |iS | , |iT |)

. (49)

D. DWMPC Parameter Selection

As with the conventional OSV-MPC, there is no analytical
method to select optimal controller parameters, so these must
also be selected through testing. Even though DWMPC has
more parameters than the conventional OSV-MPC, parameter
fine-tuning is not as critical, due to its dynamic behavior.

A suggested controller design procedure is now described as
follows.

First, the LSC and GSC controllers are tuned. Start with
all parameters set to one, but all ϕxm a x = ∞. For full load,

adjust the constant weights Wx until optimal results are obtained
(according to the criteria in Section IV-D)—this adjusts the
constant region of the controller. Then, choose the maximum
errors ϕxm a x close to the error levels seen with the chosen Wx

at full-load. ϕbalL m a x
is set to a higher value, to ensure that

the LSC does not affect the load voltage waveform unless that
unbalance value is surpassed (during transients). Next, adjust hx

to ensure adequate controller adaptation to different steady-state
conditions: at no-load, adjust hbalg to ensure that the GSC can
keep the capacitor unbalance within the chosen limits (with no
load, the UPS has minimum balancing capability). Since only
two concurrent objectives are used in each converter, Wx and
hx are adjusted only for the capacitor balancing and kept equal
to one in the remaining objectives, for design simplicity. Next,
cause a large error in each objective (e.g., quickly discharge one
of the capacitors to cause a large unbalance or cause a large
load step) and adjust hx to ensure a fast error correction, with
acceptable impact on the remaining objectives. For example,
increasing hbalL ensures the LSC contributes more significantly
to correct large unbalances, but leads to a higher vload error until
the unbalance is corrected. This adjusts the dynamic region of
the controller. Finally, test the controller in different steady-state
conditions and with different transients to fine-tune the design.
Last, repeat the process for stored energy mode (DCC and LSC)
and with all converters, to adjust the parameters of the DCC
(only).

The parameters selected for each controller are shown in
Table I, as well as the main effects of changing each of
them.

VII. EXPERIMENTAL RESULTS

Experimental results are now presented, demonstrating the
advantages of each proposed control technique. A fully func-
tional prototype of the proposed UPS system was developed, as
shown in Fig. 6. All circuit and controller parameters are shown
in Table II. For prototype safety, the grid voltage is adjusted to
120 V (rms) with an autotransformer. A linear and a highly non-
linear load are used (described in Table II). All controllers are
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Fig. 6. Experimental prototype of the proposed UPS system.

TABLE II
EXPERIMENTAL CIRCUIT AND CONTROL PARAMETERS

Fig. 7. UPS response during dc bus voltage reference step. (a) PI
controller. (b) Proposed PMS.

implemented in MATLAB/Simulink and executed in real-time
in a dSpace MicroLabBox. The proposed controller displays
only slightly higher execution time than the conventional case
(47.0 μs versus 44.6 μs). A Yokogawa WT3000 power analyzer
is used to monitor system performance.

A. Power Management System

Fig. 7 demonstrates the UPS response when the dc bus voltage
reference is changed from 200 to 280 V, with the conventional
PI-based controller and the proposed PMS. In this test, the LSC
feeds a linear load (described in Table II) and the DCC charges
the batteries with a current of 1 A. For a fair comparison, the
proposed Co-DWMPC controllers are used in both cases, only
the PMS differs. As shown by these results, the PI-based solution
presents significant overshoot and oscillations after the reference

Fig. 8. UPS response during load step (nonlinear load disconnection).
(a) PI controller. (b) Proposed PMS.

Fig. 9. Steady-state grid current when feeding a nonlinear load.
(a) PMS w/out p̃L comp. (b) PMS w/ p̃L comp. (c) PI controller.

step. On the other hand, the proposed controller provides very
fast dc bus voltage adjustment, with no overshoot. The integral
squared error (ISE) of vdc for both cases (calculated for the
displayed time window) reflects the improved voltage regulation
of the proposed PMS. With the proposed PMS the DCC also
aids in charging the dc bus, drawing current from the batteries
during the transient, as visible in Fig. 7(b). This helps speed up
the voltage adjustment.

Fig. 8 demonstrates the UPS response during a load step
(disconnection of a nonlinear load). Only the PMS differs in
the control system. As shown in the figure, the sudden load
disconnection leads to a transient dc bus voltage increase, which
must be corrected by the controller. Comparing Fig. 8(a) and
(b), it is clear that the proposed PMS provides faster voltage
regulation than the PI-based solution, with no overshoot and no
oscillatory behavior. This produces a significantly lower ISEvd c,
as shown in the figure.

Fig. 9 shows the grid current and grid power reference
in steady-state, when feeding a nonlinear load. As shown in
Fig. 9(a), when P ∗

charge is calculated without the proposed p̃L

compensation (16) the dc bus voltage oscillation is reflected in
P ∗

grid , leading to considerable grid current distortion. On the
other hand, when p̃L is considered near sinusoidal grid currents
are obtained. Fig. 9 also demonstrates the main disadvantage of
the proposed PMS – vdc presents a steady-state error. However,
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Fig. 10. UPS operation with independent and cooperative controllers.

TABLE III
SELECTED MPC CONTROLLER PARAMETERS

Note: For design simplicity, Wi g , Wi b a t , and Wv are left constant (= 1) and only their
complementary weights are adjusted.

this small mean value deviation (≈4.8 V) has no tangible impact
on the UPS operation.

As shown in Fig. 9(c), the PI-based controller also pro-
duces a slight P ∗

grid oscillation. This is due to the proportional
component of the PI and represents a major challenge in the
design of the PI controller. The proportional term is important
to obtain a faster response and/or lower overshoot, but it also
compromises steady-state grid current distortion, making the PI
design very difficult. On the other hand, the proposed solution
requires very little design effort.

B. Cooperative Control Principle

The advantages of the proposed cooperative principle are
demonstrated in Fig. 10. This figure displays the steady-state be-
havior of the UPS when feeding a nonlinear load, with the con-
ventional OSV-MPC controllers. The controllers are changed
from fully independent to cooperative at t = 0.1 s (only the
cooperative technique varies during this test). When the cooper-
ative principle is used, the capacitor balance is clearly improved.
In addition, performance is improved on the remaining wave-
forms (especially the grid current). This is clearly shown in
Table IV (compare case 1© with 4©, and 3© with 5©). With
the conventional OSV-MPC, for example, using the cooperative
principle reduces |ΔvC |max from 15.3 to 9.9 V and THDig

from
3.5 to 2.6%.

C. DWMPC Controllers

In order to demonstrate the advantages of the proposed
DWMPC controllers, the shortcomings of the conventional
OSV-MPC are first demonstrated. After extensive testing, and

TABLE IV
UPS POWER QUALITY WITH OSV-MPC AND DWMPC

Note: The proposed PMS is used in all cases. The UPS efficiency feeding the nonlinear
load is slightly above 80% (a relatively low value, due to the low voltage and low load used
for prototype safety).

according to the criteria described in Section IV-D, the weights
identified as “optimal” in Table III have been selected for the
OSV-MPC controllers. These WFs ensure acceptable perfor-
mance at all operating points. However, to ensure adequate
behavior in all conditions, performance cannot be optimized for
each specific operating point. For example, the WFs identified
as “nonoptimal” in Table III have been optimized only for op-
eration with a nonlinear load and produce significantly lower
current and voltage distortion than the optimal WFs with this
load (compare cases 1© and 2© in Table IV). However, these
WFs cannot maintain acceptable capacitor balance at no-load
(reaching unbalance values as high as 78.9 V), and cannot be
used in the controller. The WF selection must therefore compro-
mise performance in each operating point to ensure acceptable
performance in all of them.

Conversely, DWMPC controllers can adapt to different work-
ing conditions, optimizing performance in different points. As
shown in Table IV, DWMPC can achieve excellent performance
feeding the nonlinear load, while simultaneously ensuring very
low capacitor unbalance at no-load (case 3©). This way, when
comparing the DWMPC solution with the conventional con-
troller (with optimal weights), it is clear that it can provide
better steady-state results at different load conditions (lower
total harmonic distortion (THD) and lower unbalance).

The adaptability of the proposed DWMPC controllers is not
only advantageous in steady-state, but also during transients and
disturbances. Fig. 11 display the UPS response when a 3.2 Ω re-
sistor is connected in parallel with capacitor C2 for 1 ms, forcing
its fast discharge. As visible in Fig. 11(a) and (b), the conven-
tional OSV-MPC controller (with optimal WFs) can quickly cor-
rect the unbalance when supplying a load, but is unable to do the
same at no-load (when the balancing capabilities of the UPS are
low). At no-load, the system takes approximately 1.6 s to fully
eliminate the capacitor unbalance. Fig. 11(b) also demonstrates
that the proposed PMS effectively limits capacitor overvoltage
during unbalances (vC 1 is limited to vCm a x = 130 V).

As shown in Fig. 11(c), when feeding a load, DWMPC en-
sures fast unbalance correction, with lower grid current and load
voltage error than OSV-MPC (demonstrated by the lower ISE).
On the other hand, when the balancing capabilities of the UPS
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Fig. 11. UPS response during a forced discharge of capacitor C2 , with
the proposed PMS and cooperative controllers: (a) OSV-MPC, feeding a
linear load. (b) OSV-MPC, at no-load. (c) DWMPC, feeding a linear load.
(d) DWMPC, at no-load.

are low (at no-load), DWMPC causes a higher grid current devia-
tion (increase) in order to quickly correct the unbalance [visible
in Fig. 11(d)]. Concurrently, the load voltage is less affected
with DWMPC (lower ISE), since the LSC only contributes to
correct the error while it is very large. This demonstrates the
adaptability of the DWMPC controllers.

D. Overall System

The previous results demonstrate the advantages of each pro-
posed novelty for the UPS control system. The overall sys-
tem benefits from all these techniques are improved dynamic
response, with faster error correction and no overshoot, and
higher steady-state performance in different conditions, when
compared to the conventional solutions.

VIII. CONCLUSION

In this paper, a 3-level uninterruptible power supply was
proposed, using a new cooperative and dynamically weighted
OSV-MPC controller. The proposed UPS system used multi-
level converters in all stages, including the dc–dc. A new PMS
was proposed, with very fast dynamic response and low de-
sign effort. A new cooperative control principle was proposed,
improving multiconverter performance without increasing the
overall computational cost. New controllers were proposed for
all UPS converters, combining the new cooperative principle
and the DWMPC technique.

The presented experimental results demonstrated the merits
of each proposed novelty. The new PMS ensured very fast dc
bus voltage tracking, with no overshoot, and low grid current
distortion, even with highly nonlinear loads. The cooperative
technique improved steady-state performance, leading to lower
capacitor unbalance and waveform distortion than fully inde-
pendent controllers. The DWMPC controllers provided great
adaptability to different conditions, ensuring excellent steady-
state performance under different loads (not possible with fixed
WFs) and fast dynamic response and error correction, even in
the presence of disturbances.

Hence, the proposed control system provided considerably
better steady-state performance and dynamic response than the
conventional OSV-MPC and PI-based solutions.
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