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What is High Availability?

@ Definition: Ability of a system to remain operational with minimal downtime

o Key Concepts:
e Redundancy: Having backup components (hardware, software, or data) that
can take over if the primary component fails.
o Fault Tolerance: The system’s ability to continue operating despite errors or
failures in its components.
o Failover:The process of automatically switching to a redundant component
when the primary component fails.
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Motivation

o Tokamak operations generate large volumes of diagnostic and machine health
data.

@ Reliable data storage and availability are essential for post-discharge and
predictive analysis.

o Traditional single-node databases suffer from lack of failover and limited
scalability.

@ Need for a resilient, containerized, and high-availability time-series database
infrastructure.
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System Overview

@ Architecture integrates:

o TimescaleDB with Postgres for storing time-series data
Patroni for replication and fault tolerance

etcd for distributed coordination

HAProxy for routing and load balancing

Keepalived for virtual IP failover management
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Achieving Redundancy and Fault Tolerance

2 Application Clients

Connection
B PostgresQL Primary [0} 8 PostgresQL Standby © B PostgresQL Standby ©
8 Patroni Agent 8 Patroni Agent 8 Patroni Agent
 Health checks « Replication monitor  Replication monitor
 Leader election « Promotion ready « Promotion ready
Role: Read/Write Role: Read-only Role: Read-only

Streaming Replication

Patroni - etcd

B etcd Cluster (Consensus)

etcd-2

V Leader election
V Configuration storage
V Distributed locking
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|
Handling failure

(o

© Leader Stops Heartbeats

Primary node (ananta-1) fails and can no longer send heartbeats or renew its leader lock in etcd
[‘ © Leader TTL Expires

Standby nodes verify: PostgreSQL is healthy, no errors, replication lag < TMB (maximum lag_on_failover)
& Race for Leader Lock

Leader lock key in etcd expires after TTL timeout. etcd removes the stale leader key
A Nodes Detect Missing Leader

v
Other Patroni nodes detect the missing leader during their health loop checks
8 Replicas Check Eligibility

Eligible replicas attempt to acquire the leader lock in etcd. Only one wins via distributed consensus
© Winner Promotes ltself
The wi

05

v
ing replica runs “pg_ctl promote” and becomes the new primary database
@ S Others Follow New Leader

©+10s

Remaining replicas reconfigure streaming replication to follow the new primary

@ +1-2s
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©+3-5s
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Achieving Failover

&% HAProxy / Load Balancer

8 PG Primary © B PG Standby © B PG Standby ©
8 Patroni 8 Patroni 8 Patroni
* Health checks + Replication + Replication
« Leader election « Promotion ready « Promotion ready
Read/Write Read-only Read-only

Streaming Replication

1 etcd communication

@ etcd Cluster (Consensus)

etcd-2

V Leader election
V Config storage
V Distributed locking
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Achieving Failover: Continued

& HAProxy 1
MASTER

& HAProxy 2
BACKUP

&% HAProxy 3
BACKUP

Keepalived

Keepalived Keepalived

B PG Primary [©] B PG Standby © B PG Standby ©
8 Patroni 8 Patroni 8 Patroni
« Health checks « Replication « Replication
« Leader election « Promotion ready « Promotion ready
Read/Write Read-only Read-only

Streaming Replication

1 etcd communication

B etcd Cluster (Consensus)

etcd-2

7 Leader election
V Config storage
7 Distributed locking
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Achieving Failover: Continued

& Clients

Connect to VIP

Keepalived VIP (Virtual IP)

&% HAProxy 1 &% HAProxy 2 &% HAProxy 3
MASTER BACKUP BACKUP

Keepalived Keepalived Keepalived

B PG Primary © B PG Standby © 8 PG Standby ©
8 Patroni 8 Patroni 8 Patroni
+ Health checks « Replication + Replication
+ Leader election « Promotion ready « Promotion ready
Read/Write Read-only Read-only
Streaming

1 etcd communication

& etcd Cluster (Consensus)

etcd-2
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Handling failure in HAProxy and Keepalived

® HAProxy MASTER Fails
HAProxy on ananta-1 (10.20,

30.32) crashes or port 15432 stops responding

v

2 A Health Check Script Fails ©q2s
Jetc/keepalived)/check_haproxy.sh runs every 2s. Detects HAProxy not running or not listening on port 15432

3 O Fall Threshold Reached O+6s
Script fails 3 consecutive times (fal 3). Total: 6 seconds of consecutive failures

4 & MASTER State Transition ©41s
ananta-1 transitions from MAS KUP state and stops advertising VIP (10.20.130.35)

5 A BACKUP Node Takes Over ®+13s
ananta-2 (10.20.130.33) or ananta-3 (10.20.130.34) detects missing VRRP advertisements (advert it 15)

6 & VIP Migration ©+1s
Highest priority BACKUP node becomes MASTER, binds VIP 10.20.130.35 to its interface (ens18)

7. © ARP Announcement ©+05s

New MASTER sends gratuitous ARP to update network switches. Clients now reach new HAProxy node

Configuration Details
> Health check: /etc/keepalived/check_haproxy.sh (interval: 2s, fall: 3, rise: 2)

> VIP:1020.13035 | Nodes: 10.20.13032 (MASTER), 33, .34 (BACKUP)
> VRRP advertisement interval: 1 second (advert_int 1)
> Check verifies: HAProxy process running AND listening on port 15432
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Current Architecture

Virtual IP (Floating) -
Ke
@ 10.20.120.35 eepalived

Node 1 Node 2 Node 3
10.20.120.32 10.20.120.33 10.20.120.34

B PostgresaL. B PostgresaL B PostgresaL

@© TimescaleDB ® TimescaleDB @© TimescaleDB

QO Patroni O Patroni O Patroni

S etcd S eted S etcd

3 HAProxy 73 HAProxy 73 HAProxy

& Keepalived & Keepalived & Keepalived

O Patroni - HA Orchestration S etcd - Leader Election >3 HAProxy + Keepalived - VIP
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Performance Benchmarking

o Test dataset(Synthetic): 560 channels, 1 Hz frequency, 15 days of data.

@ 1.29 million rows, 3.3 GB table size.

@ Queries benchmarked across generic PostgreSQL and HA
PostgresSQL-+TimescaleDB.

Operation PostgreSQL (ms) | HA TimescaleDB (ms) | Improvement (%)
5 min data 2754 49 98.2
10 min data 2211 78 96.5
1 hr data 2125 449 78.8
24 hr data 8491 10579 -24.6

Key takeaway: TimescaleDB provides near real-time responsiveness for
short-interval queries essential in fusion diagnostics.
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Conclusion

@ HA TimescaleDB architecture provides fault (hardware/network issues)
tolerance and reliability.

@ Load distribution for read-heavy workloads
@ TimescaleDB enhances the performance for short queries.

o Grafana enables intuitive visualization and trend analysis.
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Future Work

@ Migration to Kubernetes for scalability and self-healing.
o Natural Language Querying through LLM-based Grafana plugins.
@ Annotated Graphs with Al-generated explanations.
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